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CHAPTER 1

General intreduction

The diversity of life as the result of evolution from a common origin has penerated
considerable interest in the classification of organisms. The accuracy, however, with which
a phylogenetic tree reflects the relationships among the organisms strongly depends on the
markers and methods used for comparison. In general, markers that are directly related to
the nucleotide sequences of a genome are more informative for the determination of
phylogenetic relationships than are phenotypic properties (157). A nevertheless meaningful
phenotypic classification was the division of the living world into the major groups of
prokaryotes and eukaryotes which initially was based on readily detectable phenotypic
properties such as the pronounced differences in their cellular organization. Only later this
distinction was confirmed by the identification of comparable molecular characteristics such
as differences in ribosome structure (159). However, the prokaryote-eukaryote dichotomy
was based on the comparison of eukaryotic markers with those derived from the model
bacterium Escherichia coli that was considered as a typical representative of the prokaryotic
kingdom (159).

Compared to the phenotypic diversity of eukaryotes, the prokaryotes constitute a group of
phenotypically relatively homogeneous organisms. This led to the assumption that the
prokaryotes have a moncphyletic origin, i.e. are descendants of a single common ancestor.
Despite the lack of complex phenotypic markers, prokaryotic systematics was mainly based
on comparative morphology of cells or colonies, differences in cell-walls revealed by Gram-
staining and readily detectable physiological properties such as growth with or without
oxygen, nitrogen fixation or photosynthesis {157). However, those criteria have only limited
value for prokaryotic taxonomy mainly for two reasons (157). Firstly, lateral gene transfer
or adaptation to environmental stress may have resulted in similar phenotypes of two distantly
related organisms. And secondly, the evaluation of a phenotypic marker as phylogenetically
significant is often a subjective one (157).

More reliable information on the prokaryotic phylogeny was obtained from analysis of
various molecular markers. Cell wall analysis and immunological studies, together with initial
approaches in genotype-based classification such as comparison of the DNA base ratios (GC-
content) and analysis of the total DNA relatedness, were applied in the phylogenetic
characterization of lower taxa (157). A considerable step forward was the use of
macromolecules as ‘evolutionary clocks’ to determine evolutionary distances (72).
Macromolecules such as nucleic acids and proteins consist of a large number of independent
constituents, i.e. nucleotides and amino acids, whose sequential order provides the
information for their function. Since the number of possible different sequences is extremely
high, two sequences with extensive similarity are most likely evolutionary related rather than
the product of convergent evolution. As the result of continuously occurring, selectively
neutral mutations, the observed accumulated differences between two sequences are
analogous to a relative time span, i.e. the sequence differences can be used to calculate the
evolutionary distance of the compared sequences from a common ancestor. Among the
sequences that may be used as molecular chronometers for phylogenetic analysis of higher
taxa, most suitable ones are those that have been. established in early stages of cell’s
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evolution. Among those, ribosomal RNAs are extremely suitable since (i) they are
functionally highly constant and universally distributed, (ii) they contain enough information
to be statistically reliable, (iii) they contain both moderately and highly conserved regions
and, therefore, are suitable for measuring both small and large phylogenetic distances, and
finally (iv) their isolation and analysis is relatively easy (159).

Based on comparative analysis of 16S rRNA sequences, Woese and coworkers discovered
a basic division of the known prokaryotic organisms that led them to propose a third primary
lineage distinct from eubacteria and eukaryotes, designated archaebacteria (Figure 1). A
similar classification was established by comparison of other molecular chronometers with
the capacity for high-taxa-resolution such as for instance components of the DNA-dependent
RNA polymerase (74, 174), translation factors (20, 47) and ATPase components (37, 60,
62). Certain group-specific features could be identified on the molecular genetic and
biochemical level (for review: 173) which confirmed the distinction between the three ‘ur-
kingdoms® of life. Since the new, genotype-based taxonomy should be reflected in
terminology, Woese and coworkers (1990) proposed to rename the three primary lineages
into the ‘domains’ Archaea, Bacteria and Eucarya (Figure 1).

green bacteria

flavobacteria

spirochetes

purple bacteria

gram positive bacteria BA C]’ER] A
cyanobacteria

deinacacei

Thermotogales

extreme halophiles

] methanogens

ARCHAEA

] extreme thermophiles

plants
animals
ciliates EUCARYA

ceflular slime molds

flageilates

microsporidia

Figure 1. Unrooted universal phylogenetic tree (taken from Woese [159]), based upon 16S tRNA
sequence comparison, showing the known three domains of life,
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Besides certain unique archaeal characteristics as ether-linked lipids (26), unusual modified
tRNA-nucleotides (30) and the methanogenic C,-metabolism (27, 68), most of the features
that allow to distinguish the Archaea from the Bacteria and the Eucarya are associated with
the genetic machinery (173). The archaeal genomes appear to be composed of a single
circular chromosome similar to the genome of their bacterial counterparts. As in Bacteria,
archaeal genes are - with the exception of certain genes from halophilic organisms (10) -
preceded by Shine-Dalgarmo sequences and frequently are organized in transcriptional units
(10). The majority of the archaeal features, however, were found to be more similar to those
from the Eucarya such as the presence of introns (73, 111) and 7S RNA (66), the structure
of promoters (44, 48), and the sensitivity to certain antibiotics (165, 173). This striking
similarity between Archaea and Eucarya is also reflected by sequence comparison of
ribosomal proteins (156), translation factors (20, 47), components of the DNA-dependent
RNA polymerase (74, 173), DNA ligases (75), components of the ATPase (37, 60, 62) and
histone-like proteins (129). Although not reflected on 168 RNA-level, this archaeal-eucaryal
similarity in basic molecular characteristics provides reasonable arguments for a closer
relationship of the Archaea to the Eucarya than to the Bacteria. In contrast, the sequences
of enzymes of the central metabolism as GAPDH (50), malate dehydrogenase (57), 3-
phosphoglycerate kinase (33) and g-glucosides hydrolyzing enzymes (31) were found to be
more related between Bacteria and Eucarya (173).

The domain Archaea comprises at least three major groups of prokaryotic organisms with,
compared to their bacterial counterparts, unusual phenotypes: the extreme thermophilic,
sulfur-dependent  species, the extreme halophiles and the methanogens (159).
Phylogenetically, the Archaea can be subdivided into two main lineages (kingdoms): the
Crenarchaeota (158) which comprise most of the hyperthermophiles, and the Ewryarchaeota
(158), a phenotypically more diverse collection of organisms including the three groups of
methanogens, the extreme halophiles, the extreme thermophilic genera Thermococcus and
Thermoplasma and the sulfate-reducing Archaeoglobus. The branching order of the
euryarchaeotal tree suggests that this kingdom has evolved from an ancient sulfur-reducing,
hyperthermophilic organism via the methanogenic to the extreme halophilic organisms (159).
Moreover, it is assumed that an extreme thermophilic, sulfate-reducing organism has been
the common ancestor of the Archaea since this phenotype is the only one shared by both
archaeal kingdoms (158).

Methanogens are, with respect to morphology and growth requirements, a diverse group
which obtain their energy for growth from the conversion of low molecular weight
compounds to methane (for review: 154). The main products of fermentative decomposition
of organic matter, H, and CO,, formate, and acetate are the major substrates of methanogenic
bacteria. In addition, other C,-compounds and certain alcohols may serve as substrates.
Methanogens exist as free-living and endosymbiotic organisms (150) and occupy a wide
range of anaerobic habitats in soil and aquatic environments, the intestines of certain
organisms, bioreactors, and extreme environments such as hydrothermal vents and
hypersaline lakes.

The biotechnological importance of methanogenic bacteria is reflected by their application
in biodegradation of waste and the simultaneous production of biogas as an alternative form
of energy and their potential to convert xenobiotics (2, 19, 53, 77). In addition to these
(potential) applications, the scientific interest in molecular biology of methanogenic bacteria
as representatives of the Archaea accounts for the progress in the genetics of methanogens
which was subject of various recent reviews (10, 122, 171).



MOBILE GENETIC ELEMENTS

Prokaryotic chromosomes are regarded to consist of a set of essential genes which are
interspersed with a variety of sequences including accessory genes, noncoding segments and
(short) repeated sequences (80). Retaining a basic stability of the genomic organization, the
chromosomal DNA is subjected to several genetic changes including point mutations and
small and large scale rearrangements such as insertions, deletions and inversions. In addition
to those changes of the resident genetic material, horizontal gene transfer serves as an
important source for penomic variations which allow an adaptation of the host to
environmental stress conditions, As a consequence of the uptake and assimilation of foreign
DNA, the chromosome can be viewed as a mosaic, comprising recipient-derived DNA
interspersed with DNA from other sources (141).

A comparable organization and dynamic nature as found for the chromosomal DNA is in
principle also found in the smaller-sized genomes of plasmids and phages. Therefore,
elucidation of the genomic organization of these elements may provide insight into the
structure of genomes in general. Moreover, plasmids and phages belong, together with
insertion sequences (IS), to a class of accessory elements that force the change of the cell’s
genomic constitution: their movement within or between prokaryotic genomes often is
accompanied with genomic rearrangements (promoted by insertion elements) and the
horizontal transmission of genetic material (plasmid- and phage-mediated). Thus plasmids,
phages and insertion elements which together constitute a family of mobile genetic elements
(79), appear to play a significant role in evolutionary processes.

The naturally occurring IS elements comprise defined DNA sequences ranging from 0.8
to 3 kb and are joined to autonomously replicating molecules (replicons) such as the
prokaryotic chromosome, phage- and plasmid DNA. A characteristic of these mobile
elements is that they specify functions that allow them to move from one site to another,
either intra- or intermolecularly. Different types of genomic changes are promoted by IS
elements (35): (i) transposition of IS elements itself may cause disruption of coding regions
or may lead to a fusion of replicon, (ii) the presence of several genomic copies of IS
elements provide sites for reciprocal recombination which results in genomic rearrangements
such as deletions and inversions, and (iii) two IS elements flanking genomic-derived genes
may form a composite transposon thereby mobilizing the internal genomic sequences.

Plasmids and phage genomes are, in contrast to IS elements, autonomously replicating
genetic elements that either exist extrachromosomally or - as the result of site-specific
integration or homologous recombination - may become part of the host chromosome. While
the mobility of IS elements is restricted to the genome of a single cell, many plasmids and
phages have the potential to mediate the transfer of their genomes from one cell to another.
This transmission of DNA can be accompanied by mobilization of host DNA, including IS
elements, by conjugation (plasmid-directed) and transduction (phage-directed). In addition
to natural transformation, i.e. the uptake and incorporation of exogenous DNA, conjugation
is regarded as the major mechanism for horizontal DNA transfer in nature that occurs
between phylogenetically divergent prokaryotes (1, 87) and may even bridge the boundaries
between members of different domains, including DNA transfer between pro- and eukaryotes
(*interkingdom sex”) (1, 49, 141),

The study of genetic mobile elements may therefore contribute to the understanding of
genomic organization and processes that influence the genelic constitution of prokaryotic
organisms. Moreover, in particular plasmids are useful model systems for the investigation
of the fundamental process of DNA replication and may serve as basic tools in recombinant
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DNA technology.

ARCHAEAL MOBILE ELEMENTS
Plasmids

Plasmids have been identified in all three major groups of Archaea (for review: 10; Table
1).

Among the hyperthermophilic, sulfur-dependent Archaea only two plasmids, designated
pGTS (32) and pBG from Sulfolobus strain B6 (143), have been described whereas two other
extrachromosomal elements, pSB12 and pSL10, represent lysogenic forms of viruses or
virus-like particles that will be discussed in the next section. The small, 3.45-kb multicopy
plasmid pGTS3 is harbored by a recently isolated hyperthermophilic archaeon (strain GES5)
which has an optimal growth temperature of 94°C (32). Surprisingly, pGTS was found to be
nearly relaxed at physiological temperatures (95°C) (11), although strain GE5 contains
reverse gyrase activity that is common to extreme thermophilic organisms of both archaeal
and bacterial origin (8, 9). This activity was believed to be necessary for thermostabilization
of closed circular DNA by introduction of positive supercoils. It is supposed that the relaxed
state of pGTS at physiological temperatures in vivo is the result of both reverse gyrase
activity and the presence of nucleosome-like structures and might be representative for the
topology of chromosomal and extrachromosomal DNA of hyperthermophiles (11, 34).

Most progress in biology of archaeal plasmids has been made with those from the extreme
halophilic organisms. For a part this is due to the large number of plasmids that have been
described for these organisms, ranging in size from small, 1.7-kb high copy number plasmids
up to 690-kb megaplasmids (Table 1), and the established transformation systems (see
below). Many halophilic bacteria contain heterogeneous plasmid populations and a
considerable part of the genomic information is located on extrachromosomal elements (14,
40, 112, 127, 145). The 150-kb pHH1 has been identified as the main plasmid of
Halobacterium halobium (153) (several strains of H.halobium and H.cutirubrum probably
belong to the species H._salinarium according to Tindall [1992]). Plasmid pHH]1 contains a
large number of different halobacterial IS elements that cause insertion, deletions and
rearrangements of pHH1 (115, 118, 119). Other Halobacterium species were found to
contain structural derivatives of pHHI, either as covalently closed DNAs or integrated into
the chromosome (28, 112). Initial observations of an correlation between the ability to form
gas vesicle and the presence of plasmids (137, 153) has led to the identification of vac genes
located on the plasmids pHH1 (58) and pNRC100 (23, 64). Detailed analysis of the 200-kb
PNRC100 resulted in the identification of two large (35 to 38 kb) inverted sequences which
are supposed to mediate inversion of the intervening single-copy regions, one of which
contains the vac-region, and constitute a possible regulation mechanism for gene expression
{100). In addition, the origin of replication has been mapped for plasmid pNRC100 (100),
pHH1 (119) and pHK2 (56). A function could also assigned to plasmid p®HL, a deletion
derivative of the $H prophage (133) whose nucleotide sequence and transcriptionally active
regions have recently been determined (38). H.halobium R, cells carrying pPHL become
resistant to infection by phage ¢H due to a immunity-conferring coliphage-like repressor
encoded by pPHL (69).

Treatment of H.halobiwn GRB with the gyrase inhibitor novobiocin resulted in the



Table 1. Archaeal plasmids

Plasmid Host Size References for Relevant Characteristics

kb)

Isolation/Sequence®  Function®  Transformation®

pBG* Suifolobus strain B6 is (143) - -
pGTS hyperthermophilic, sulfur-metabolizing 3.5 (32) - -
isolate GES
pNRC100 Halobacterium halobium NRC-1° 200 23 vac genes (23, 64) -
pHH1 H.halobium NRC817 143 (153) vac genes (58) (6, 18)
pHH2 H.halobium DSM670 152 (112) - -
pHH3 H_halobium DSM671 76 (112 - -
pHSBI1 H.halobium SB3 1.7 (28/41) Rep protein (61) (41, 85)
pHGN1 H.halobium GN101 1.8 (28/45) Rep protein (61) -
pGRB1 H.halobium GRB 1.8 (28/42) Rep protein (61) an
pPHL H.halobivm R,L 19 (133/38) ®H immunity (133, 69) -
pHT1 H.trapanicum 122 (112} - -
pHT2 H.trapanicum 6 (112) - -
pHC1 H.cutirubrum 122 (112 - -
pB Halobacterium salinarium 5 41 (136) - -
pRDS102 H. salinarium 5 69 (136) vac genes (136, 137) -
pD H.salinarium 5 134 (136) - -
pHV1 Haloferax volcanii DS2 86 (112) - -
pHV2 H_volcanii DS2 6.4 (112/12) - (12, 84, 101)
pHV3 H.volcanii DS2 440 {14) - -
pHV4 H. volcanii DS2 690 (14) - -
pHV11 H.volcanii WR11 13 (126) - -
pHVi2 H.volcanii WR12 25 (126) - -
pHV13 H.volcanii WR13 44 (126) - -
pHK2 Haloferax Aa2.2 10.5 54 - (54, 56, 84, 101)
pHM1 Halococcus morrhuae CCM 537 48 (96) - -
pHM2 H.morrhuae CCM 537 6 (96) - -
pC2ZA Methanosarcina acetivorans C2A 5.1 (140) - -
pURB500 Methanococcus sp. nov, 8.7 (1609 - -
pURBS0Q Methanococcus jannaschii 64 (166) - -
pURB#01 M.jannaschii 18 (166) - -
pURB90¢ Methanococcus AG86 20 (166) - -
pMP1? Methanolobus vulcani 6.9 (144, 155) - -
pT3 Methanobacterium sp. nov. 7.3 (%) - -
pME2001 M.thermoautotrophicum Marburg 4.4 (88/7) - -
pFV1 M.thermaformicicum THF 13.5 (103/106)  M:hTI system (104) -
pFZ1 M.thermoformicicum Z-245 1t (103/106)  MthZl system (105) -
pFZ2 M. thermoformicicum FTF 11 (103) MihFI system (105) -

Complete nucleotide sequeance.

Identified functions (based on experimental data or on homology with known proteins), including plasmid replication-
and maintenance functions.

Transformation of the patural host or close relatives using the original plasmid or engineered derivatives including
shuttle vectors.

Possibly represents a prophage.

Several strains of H.halobiiwm and H.cutirubrum belong to the species H.salinarium (146).
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accumnulation of single stranded forms of the small 1.8-kb multicopy number plasmid pGRB1
suggesting that this plasmid replicates via a rolling circle mechanism (39, 139). Since
sequence analysis of pGRB1 and the similar sized plasmids pHSB1 and pHGN1 revealed that
each plasmids could code for a homologous protein of approximately 35 kDa (41, 42, 45),
these putative proteins may be involved in a common mode of plasmid replication (42). This
hypothesis was recently supported by Ilyina and Koonin (61), who found that the plasmid-
encoded proteins of pGRB1, pHSB1 and pHGN1 share a conserved sequence motif with
rolling circle replication initiation proteins.

The application of genetic engineering techniques in halophilic members of the archacal
domain became possible with the development of efficient transformation systems. A natural
mating system (94, 125) and a protoplast fusion technique (126) have been described for
Haloferax volcanii. The polyethylene glycol mediated spheroplast transformation method,
however, is the most commonly applied one and transformation protocols have been
developed for the phylogenetically distant H.halobium (15, 41), H.volcanii (12, 17) and
members of the genus Haloarcula (18). The vector plasmids used for transformation studies
were derivatives of small halobacterial replicons equipped with a marker gene and, more
recently, were expanded to halobacterial-E.coli shuttles vectors (6, 56, 84, 85). Selective
markers used included genes conferring resistance to novobiocin (54) or mevinolin (84), or
encoding a phenotypically selectable marker, such as gas vesicle synthesis (6). Expression
of the bacterio-opsin (bop) gene in a bop mutant of H. halobium was observed after
transformation with a pGRB1-based multicopy vector that carried an intact bop gene (82).
Using a mutated halobacterial gyrase B gene which confers resistance to novobiocin (55) as
selective marker, a cloning vector was constructed based on the pHK?2 replicon of Haloferax
Aa2.2 (54). Subcloning into an E.coli vector yielded the shuttle-vector pMDS1 which,
however, could only stably maintained in Haloferax if propagated in a dam E. coli strain since
methylated adenine residues are subject to restriction in the halophilic host (56). A derivative
of pMDS1 has recently been used for expression of a alkaline serine protease, termed
halolysin, from an unidentified halophilic strain in H, volcanii (67). Two other halobacterium-
E.coli shuttle vectors, pUBP2 (derived from pHH1 of H, halobium; 6) and pWL102 (based
on the H.volcanii pHV2 replicon; 84) were found to stably transform members of different
halophilic genera (18) and may be useful as generalized cloning vectors in halophilic
Archaea. The pHV2-derived vector has been used in complementation experiments to analyze
the minimal DNA region necessary for gas vesicle synthesis (59). Recently, transformation
of H.halobium was applied for specific in vivo TRNA mutagenesis of its single-copy rRNA
operon (85). This technique makes use of a shuttle vector pHRZH, a derivative of pHSBI
from H.halobium SB3 (28) which is equipped with a mutated, H. halobium rRNA operon that
confers resistance to two different antibiotics. After transformation, the sensitive, single-copy
wild-type rRNA operon of the recipient is replaced by the vector-borne one via
recombination, resulting in a transformed strain that directs synthesis of exclusively mutated
ribosomes (85).

Representatives of all three major lines of the methanogenic branch of the Archaea were
found to harbor plasmids (Table 1) ranging in size from 4.4 kb for the high-copy number
plasmid pME2001 from Methanobacterium thermoautotrophicum Marburg (88) up to 64 kb
for pURBS800 from Merhanococcus jannaschii (166). However, compared to what is known
about plasmids from halophilic bacteria, only little progress has been made in plasmid
biology of methanogens. This may be attributed to the fact that, compared to the halophilic
Archaea, (i) plasmids are less common among methanogens, (ii) all plasmids identified so
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Figure 2. (A) Physical map and coding regions of plasmid pME2001 of M.thermoautotrophicum
Marburg. ORFs A through F are indicated by open arrows whereas the mapped 611-bp transcript (91)
is shown as a black arrow. The putative ORF B protein binding region (TA) is denoted by a solid
block. Sizes are given in kilobases. (B) Comparison of the helix-turn-he}ix motif of the A cII activator
protein (51) with that deduced from ORF B. Identical amino acids are boxed. Numbers refer to the
amino acid position, (C) Binding site of the X cIi protein (51) compared to the putative ORF B protein
binding region of pME2001 (TA) composed of three sequence stretches (TAl through TA3).
Tetranucleotides similar to TTGC and spaced by six nucleotides are underlined. Numbers refer to
sequence position according to Bokranz et al. (7).

far in methanogens are cryptic, i.e., no phenotype could be correlated with the presence of
plasmids, and {iii) an efficient transformation system and suitable vectors are at present not
available.

One of the best studied plasmids is pME2001 of M. thermoautotrophicim Marburg. This
plasmid which is present in about 20 copies per host chromosome (102), turned out to be
very stable since several attempts failed to cure strain Marburg from pME2001 {102). The
dispensability of pME2001 was, however, demonstrated by Leisinger and coworkers who
reported the isolation of a pME2001-free derivative of strain Marburg after treatment with
the mutagen N-methyl-N’-nitro-nitrosoguanidine (70, 92). The nucleotide sequence of
pME2001 comprises 4439 bp (7) and contains six open reading frames, designated ORF A
through ORF F, which could code for proteins composed of more than 100 amino acids
(Figure 2A). Except for ORF C, all ORFs are preceded by a potential ribosome binding site
(10). The head-to-tail-organization of ORF A-D may suggest a coordinate transcription and
translation of the four ORFs. Although no sequences with significant similarity to the
boxA/boxB motif of an archaeal consensus promoter signal (44, 48) could be localized
upstream from ORF A, the identification of a 611-bp-transcript of pME2001 by Meile and
coworkers (91) which covers the potential promoter regions of the ORF A and ORF F,
respectively (Figure 2A), may support cotranscription of ORF A-D. The small size of the
transcript may be explained as the result of posttranscriptional processing or nucleolytic
degradation of a primary transcript (91). A sequence stretch with excellent similarity to the
archaeal consensus promoter signal is located approximately 170 bp upstream of ORF F.
Possibly, the expression of the ORF F protein is regulated since translation of the ORF F
mRNA might be blocked by the mapped 611-bp-RNA which is transcribed from the opposite
DNA-strand and would therefore serve as anti-sense RNA (Figure 2A).

No significant similarity was found between the deduced proteins of pME2001 and proteins
stored in the database. Screening of the pME2001 proteins for the presence of certain amino
acids motifs has shown, however, that the ORF B protein contains a helix-turn-helix (HTH)
motif which might enable the ORF B protein to bind to DNA (Nélling, unpublished results).
Moreover, the HTH motif of the ORF B protein was found to be similar with the HTH motif
of the transcription activator cII from phage A (51). The identical residues shared by both
HTH motifs were in particular located at those positions of the X cIl protein that are believed
to be involved in recognition of a specific DNA sequence (51) (Figure 2B). This may suggest
that the ORF B protein recognizes the same DNA target as the A cII transcription activator,
i.e. two TTGC tetranucleotides repeats spaced by six nucleotides: TTGC-N;-TTGC (51). We
could identify a region located at the 3’-end of ORF D of plasmid pME2001. that showed
homology to the A cII target-sequence. This pME2001-region, designated TA-region, is 193



bp in size and contains three sequence stretches (TA1-TA3) with the same or similar
tetranucleotide repeats separated by six nucleotides as found for the A cII-target (Figure 2C).
An additional remarkable feature of TA1-TA3 sequences is the fact that those tetranucleotide
repeats in turn separate several runs of four to six thymidine nucleotides which may induce
bending of the DNA (78) (Figure 2C). Such bent DNA regions are known to be important
for varions molecular-biclogical processes such as for instance replication and transcription
{43). It seems therefore possible that the putative DNA binding ORF B protein and the TA-
region play a role in replication of plasmid pME2001.

Several pME2001-based vectors have been constructed that may be used for replication in
Bacteria and Eucarya (89, 90). However, besides a low-level natural transformation system
for M.thermoautotrophicum Marburg (162), no efficient reintroduction of DNA into this
methanogenic host has been reported so far. The development of a transformation system is
therefore the bottle neck for examination of in vitro modified DNA in Methanobacrerium
strains.

Promising resuits in establishing a transformation have been reported for the mesophilic
Methanococcus voltae PS. Based on its low-level natural competence (4), transformation of
this organism with a vector that was able to integrate in the chromosome of the recipient,
was demonstrated by Gernhardt and coworkers (36). The integration vector used was
equipped with an expression cassette comprising the puc gene from Streptomyces alboniger
(83) as selective marker which conferred puromycin resistance to its methanogenic host.
Similar results were obtained with Methanococcus maripaludis used as recipient (128).
Increased transformation rates of auxotrophic M. voltae PS with wild type chromosomal DNA
could be achieved by electroporation as alternative transformation method (95). These results
suggest that an efficient host-vector system for Methanococcus could be based on an
improved electroporation protocol in combination with an autonomously replicating vector
that carries the puromycin-resistance cassette (36) as selective marker. The vector may be
derived from a plasmid of a related species, such as pURBS00 isolated from a marine
Merhanococcus species (160).

Yiruses and Virus-like Particles

Similar as representatives of the eucaryal and bacterial domain also those belonging to the
archaeal domain are subject to viral infection. Table 2 lists the viruses and virus-like particles
(VPLs: nucleic acid containing particles whose infectivity have not been proven) that have
been described for representatives of the three major lineages of the archaeal domain, the
extreme thermophilic, sulfur-dependent, the extreme halophilic and the methanogenic
Archaea (for review: 172). All archaeal viruses and VLPs, isolated so far, contain a double-
stranded DNA genome although this does not exclude the possibility of the existence of
archaeal viruses with single-stranded DNA or RNA genomes. With the exception of the VLP
isolated from Methanococcus voltae A3 (161), viruses of the extreme halophilic and
methanogenic branch were similar in morphology to those of the bacterial domain composed
of a polyhedral head and a tail. By contrast, unusual lemon- or rod-shaped virus structures
are common to the viruses and VPLs that infect extreme thermophilic, sulfur-dependent
Archaea. In addition, the genomes of the latter viruses and VLPs are only small in size
compared to those found for the viruses of halophiles and methanogens (Table 2).

The temperate virus SSV1 (formerly SAV1) of the extremely thermophilic, sulfur-
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Table 2. Archaeal viruses and virus-like particles

Name Host Virion DNA Genome Type References
morphology  topology size (kb)

s5v1 Sulfolobus solfataricus lemon coct 155  temperate (86, 109, 130, 168)

VPL-B6® Sulfolobus sp. B6 polyhedric n.d® nd.  temperate ¢y

DAV 1* Desulfurococcus ambivalens lemon cee 7.7 temperate (167, 168, 172)

CWP Pyrococcus woesei polyhedric n.d. n.d. n.d. (170, 172)

TTV1 Thermoproteus tenax Kral rod linear 159  temperateé (63, 98, 172)

TTV2 T.tenax Kral flexible rod linear 16 temperate 63, 172)

TTV3 T.tenax Kral flexible red linear 27 a.d. (63, 172)

TTV3 T.tenax Kral rod linear 17 Iytic 63, 172)

$H Halobacterium halobium® complex® linear 59 temperate (38, 131, 135, 172)

N H. halobium complex linear 56 temperate (151)

Hsl1 H_salinarium complex linear n.d. temperateé (147, 148, 149)

HsL

Hh1 Halobacterium sp. complex linear 37.2  temperaté (110

Hh3 Halobacterium sp. complex linear 29.4  temperaté (110)

Jal H.halobium complex. linear 230 n.d. (152)

545 Halobactevium sp. complex linear n.d. n.d. 21)

VLP(A3} Methanococcus voltae A3 lemon cce 23 temperate (161)

PG Methanobrevibacter smithii G complex n.d. 50 Lytic [€)]

PMS1 M. smithii n.d. n.d. 35 Lytic (76)

yM1 Methanobacterium thermoautotrophicum complex linear 27.1 Lytic (65, 92)
Marburg

$F1 Methanobacterium sp. complex linear 85 Lytic (108)

$F3 M.thermoformicicum FF3 complex [ 36 Iytic (108)

* Covalently closed circular

* The VLP-B6 genome is suggested to correspond with plasmid pBG (172).

¢ Not determined.

4 The DAV 1 genome is identical with plasmid pSL10 (172).
* So-called ‘carrier state’ defined as an equilibrium between virus and cell multiplication. A shift of this equilibrium results

in either loss of the phage genome or induction of the lytic circle (172).
T Several strains of H.halobium belong to the species H.salinarium {146).
® Consisting of an icosahedric head and a tail.

dependent Sulfolobus shibatae (86) is one of the archaeal viruses studied in detail on the
molecular level. Initially described as VLP, S5V1 was recently shown to infect the closely
related §.selfataricus and is thus a true virus (130). The virus SSV1 contains a circular,
positively supercoiled (97) double-stranded DNA genome with a size of 15.5 kb. Iis complete
nucleotide sequence has been determined (109) and the transcriptionally active regions have
been mapped (123). Upon lysogenisation, the SSV1 genome is either maintained as
extrachromosomal, autonomous replicating DNA (formerly termed pSB12) or is integrated
into the chromosome (164). Integration occurs site-specifically in both S.shibarae and
S.solfataricus within a putative tRNA*® gene (124, 130). UV-irradiation induces
amplification and packaging of the SSV1 plasmid form and the release of phage particles
without lysis of the host (86, 130, 164). Since efficient transfection (10° transfectants per pg
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DNA) of §.solfararicus with SSV1 DNA by electroporation has been demonstrated (130), the
well-studied SSV1 genome may be instrumental in developing a cloning vector for
Sulfolobus.

Four rod-shaped or filamentous viruses, designated TTV1 through TTV4, have been
described for Thermoproteus tenax Kral (63). Although these viruses exhibit a similar
morphology they clearly differ in several aspects. TTV2 is a temperate virus, whereas TTV4
is Iytic, while cells carrying TTV1 may either lyse or lose the virus (172). The viral genomes
consist of linear, double-stranded DNA molecules of different size that showed no homology
with each other (169). Moreover, only limited similarities have been observed in the
composition of the virus envelope (169). TTV1 has been studied in most detail. The TTV1
DNA is covered by two DNA-binding proteins contained within the proteinaceous inner
envelope that is surrounded by a asymmetric membrane (172). The genes encoding the two
DNA-binding and the three major structural proteins of TTV1 have been analyzed (98, 172).
Six genomic variants of TTV1 could be isolated that differed from each other in a distinct
region by deletions and insertions (99). Since a phage-resistant strain of T.fenax contains part
of this region integrated into its chromosome, it may specify immunity functions (172).
Sequence analysis of the region revealed an unusual 465-bp ORF that could code for a
protein with highly repeated amino acid stretches (169).

Three VPLs have been isolated from sulfur-dependent Archaea, CWP from the
hyperthermophilic Pyrococcus woesei, DAV from Desulfirolobus ambivalens and a VPL
from Sulfolobus strain B6. Since no nucleic acids could be isolated from CWP particles the
nature of their genome remains unknown (170). Similarly, no data are available that clearly
prove the association of the VPLs produced by Sulfoiobus B6 with the genetic variable 35-kb
plasmid pBG detected in the host (143, 172). In contrast, nucleic acids isolated from DAV1
particles seem to correspond with the 7.7-kb plasmid pLS10 of Desulfurolobus ambivalens,
an extremely thermophilic, facultatively anaerobic archaeon (167, 168, 172). Interestingly,
pLS10 shares some similarity with SSV1 DNA (172). Since anaerobic growth of the host is
accompanied with amplification of plasmid pSL10 and the production of virus-like particles,
pLS10 probably represents the lysogenic form of the virus DAV1 (169).

Phages isolated from the halophilic branch of the Archaea differ considerably in their
genome sizes ranging from 30 kb for phage Hh3 (110) up to 230 kb reported for phage Jal
(152). One of the most extensively studied halophilic virus-host systems is that of phage #H
and its host Halobacterium halobivm R, (131, 172). The linear 59-kb genome of the
temperate phage $H, whose transcription units have been mapped (172), is circularized upon
lysogenization and maintained as extrachromosomally replicating prophage (135). Similar to
the genome of its host, a high degree of genetic variability has been observed for $H that
is due to the presence of certain IS-elements (132). One of these elements, ISH1.8 (134; sec
below), has been found to flank a central 12-kb fragment, called L-region, whose inversion
or looping out is mediated by ISH1.8 (132, 134). The L-region contains genes for both
immunity and the lytic cycle and obviously specifies all functions necessary for replication
that enables the L-plasmid to be stably maintained in its host (see also plasmid section).
Efficient transfection (approximately 107 transfectants per g DNA) of H.halobium with $H
DNA has also been reported based on a protocol similar to those used for plasmid
transformation of halobacteria (15; see plasmid section). DNA modification has been
described for another phage from H.halobium, ®N, whose linear, 56-kb genome contains 5-
methyl-cytosine (151).

A variety of viruses and VLPs have been described for methanogenic bacteria (for review:
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172; Table 2). VLPs were found to accumulate during growth of Methanococcus voitae A3
(161). Similar to the prophage state of SSV1 in Sulfolobus shibatae, the genome of the
M.voltae A3-derived VLPs which is a circular 23-kb DNA molecule, termed pURB600,
could be detected either as free plasmid or integrated into the chromosome of its host. In
addition, pURB600-related sequences have been identified in the chromosome of M.voltae
PS which, however, did not produce VPLs (161). Plasmid pMP1 of Methanolobus vulcani
(see plasmid section) may also represent a prophage since it has been found integrated into
the host chromosome (155). The isolation of two lytic phage particles infecting
Methanobrevibacter smithii, the broad host range phage PG (3) and phage PMS1 (76), with
genome sizes of 50 and 35 kb, respectively, has been reported. The model virus-host system
of methanogens that has been studied in some detail is that of the lytic phage YM1 and its
host Methanobacterium thermoautotrophicum Marburg (92). The genome of phage yM1 is
a linear, circularly permutated 27.1-kb DNA molecule that displays a terminal redundancy
of approximately 3 kb (65). Packaging of the phage DNA is initiated from a concatemeric
precursor molecule at a mapped pac site by the ‘headful packaging’ model (65). Interestingly,
about 15% of the yM1 phage particles was found to contain hexamers of the cryptic 4.4-kb
plasmid pME2001 present in the strain Marburg (88, 92). This relaxed packaging machinery
of yM1 may be responsible for the recently demonstrated general transduction of
chromosomal markers mediated by ¢M1 (93). A 16-kb chromosomal region with homology
to yM1 DNA was identified in M.wolfei suggesting that this organism contains a deletion
derivative of M1 (92). This may explain the similarity of the endopeptidases capable to
hydrolyse pseudomurein-based cell walls that have been purified from lysates of autolysed
M.wolfei cultures (71) and lysates produced by M. thermoautotrophicum Marburg after yM1
infection (142).

Insertion sequences

Most archaeal IS elements have been isolated from halophilic organisms, whereas only one
IS elements have been reported for methanogens (Table 3). So far no information is available
about such mobile elements in extreme thermophilic, sulfur-dependent Archaea.

The biology of IS elements has intensively been studied in the halophilic model organism
Halobacterium halobium. H.halobium displays a considerable genetic instability that results
in high spontaneous mutation rates of phenotypic markers such as gas vacuole formation and
synthesis of the purple membrane protein bacterio-opsin which are lost with frequencies of
102 and 10, respectively (113, 153). Most of these mutants were shown to result from
genomic rearrangements such as insertions, deletions and recombination events induced by
various IS-elements (22, 24, 25, 115, 116, 138). As indicated by further studies, the majority
of these transposable elements and other repeated sequences are clustered within the
relatively AT-rich satellite DNA fraction (GC-content 58%) consisting of plasmid DNA and
chromosomal ‘islands’ that comprise about 30% of the genome of extreme halophilic
organisms such as H.halobium (114, 118).

IS elements from halophiles (ISH elements; for review: 13) range in size from 520 bp for
ISH2 up to 3000 bp for ISH24 (Table 3) and resemble in their structure ‘typical’ insertion
sequences described for the bacterial domain (35}, i.e., they contain terminal inverted repeats
and are flanked by short direct repeats as the result of target site duplication (Table 3).
ISH1.8 is an exception in that it lacks terminal inverted repeats (134). IS elements are
defined as autonomously moving elements, i.e. they mediate their own transposition, which
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Table 3. Archaeal insertion elements

Element Host® Element ORF*  Copy IR° DR’ Indentical  References

length length  number length length  copies®

bp) ®p) (bp)  (bp)
ISH1 Halobacterium halobium’ 1118 810 2 7 8 yes (138)
ISH1.8 H halobium 1895 max. 6728 2 — 5 nd* (134)
ISH2 H halobium 520 - 8-10 19 10-11,20 yes (22)
ISH11 H.halobium 1068 1002 n.d. 15 7 n.d. (81)
ISH23/50  H.halobium 996 819,366 ad. 19 9/8 n.d. (115, 116, 163,
ISH24 H.halobium 3000 nd. 2 14 7 n.d. (115, 116)
ISH26 H halobium 1384 441, 741 5 15 9,11 no (29)
ISH27 H.halobium 1398 1167 >2 16 5 no (117, 120)
ISH28 H.halobium 932 0 >2 i6 8 n.d. (117, 121)
ISH 51 H.halobium 1449 1179, 366 n.d. 26 0 n.d. (175)
ISH51 H.volcanii 1375 1146 2030 16 3 no (52, 120)
ISM1 Methanobrevibacter smithii 1381 1203 8-10 29 8 n.d. (46)
FR-I Methanobacterium thermoformicicion 1501 750! 4-5 — 6 yes (107)

* Original host.

* Open reading frames with more than 300 bp.

¢ Terminal located inverted repeats.

4 Direct repeats flanking the element.

* Nucleotide sequence idendity of different copies.
f Several strains of H.halobium belong to the species H. salinarium (146).
2 [SH1.8 contains six ORFs with a size of more than 300 bp.
" not determined.
' FR-1 exists in two structural variants one of which contains a 750 bp ORF.

is catalyzed by an element-encoded transposase activity. Most of the ISH elements listed in
Table 3 indeed contain at least one ORF that may encode a transposase-like protein. Some
of the ISH elements, however, lack appropriate ORFs (Table 3) and probably represent non-
autonomous IS elements that may transpose by transposase functions provided in trans by
other, autonomous ISH elements. This may be the case for ISH51 from Haloferax velcanii.
From three ISHS51 elements that have been analyzed on the sequence level, only one was
found to contain a large ORF {52, 120). Interestingly, ISH27 from H.halobiwm and ISHS1
constitute a family of related insertion sequences that show identical terminal inverted repeats
and considerable similarity on nucleotide sequence level of the entire elements (120). In the
case of ISH2 which has an only low coding capacity (22), the existence of a copy with an
intact function necessary for transposition seem to be unlikely since all so far analyzed ISH2
copies were identical on sequence level (119). However, the terminal inverted repeats of
ISH2 are considerable similar to those found for ISH26 whereas the internal sequences of
both elements lack homology (29). Since terminal inverted repeats play an important role in
transposition of IS elements it was suggested that ISH26 mediates transposition of ISH2 (29).

Among methanogens only one transposable element, ISM1 from Methanobrevibacter
smithii, has been characterized previously (46; Table 3). ISM1, whose movement within the
host genome has been demonstrated, shows all features of a ‘typical’ insertion elements and
contains a large ORF that probably specifies the transposase function (46).
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OUTLINE OF THE THESIS

The limited knowledge about plasmid biology of methanogens on the one hand and the need
for developing host-vector system in this branch of Archaea on the other hand, were the
principal motives to initiate the present thesis. Accordingly, the project had a basic character
and was aimed at analyzing newly isolated plasmid DNA from methanogenic bacteria on
molecular level with emphasis on those plasmids harbored by thermophilic strains of the
genus Merhanobacterium. After a brief summary of the state of art (Chapter 1), a
phylogenetic analysis of different thermophilic Methanobacterium strains including several
new isolates is described in Chapter 2. The obtained results from sequence comparison of
PCR-amplified 165 rRNA genes strongly suggested a reclassification of the species
M.thermaformicicum and M.thermoautotrophicum. The following Chapters 3 and 4 deal with
the characterization of two types of mobile elements, namely phages and plasmids. The
isolation and characterization of two novel phages, $F1 and $F3, capable of infecting several
thermophilic Methanobacterium strains is reported in Chapter 3. Phage $F1 whose linear
genome is approximately 80 kb in size, has a broad host range and could be propagated on
M. thermoformicicum Z-245, FTF, FF1, FF3 and CSM3 as well as M. thermoautotrophicum
AH. In contrast, phage ®F3 is specific for M.thermoformicicum FF3. Chapter 4 describes
the isolation and characterization of a family of related plasmids from the thermophilic
archaeon M. thermaoformicicum and initial approaches in classification of M. thermoformicicum
strains by genetic fingerprinting. Two of the plasmids, pFV1 from strain THF and pFZ1
from strain Z-245, were analysed in detail. Comparison of the complete nucleotide sequences
of pFV1 and pFZ1 allowed an outline of the genetic organization of the plasmid genomes
consisting of conserved regions which are interspersed with accessory elements (Chapter 5).
Moreover, evidence is provided that plasmid pFV1 encodes a putative DNA mismatch repair
which is functionally related to the pFVl-bome restriction-modification (R/M) system
(Chapter 5). One of the accessory elements, termed FR-I, was present in the genomes of
strains of M.thermoformicicum and M.thermoautotrophicum (Chapter 6). Although trans-
position of FR-I has not been demonstrated, several characteristics of FR-I support the
hypothesis that it represents a new type of archaecal insertion elements. In addition, pFV1 and
PFZ1 were found to contain an accessory element encoding components of different R/M
systemns, whose detailed analysis is discussed in Chapter 7 and 8, respectively. Finally, a
summary and concluding remarks are given in Chapter 9.
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CHAPTER 2

Phylogenetic analysis of thermophilic Methanobacterium sp.: evidence for a common
formate-utilizing ancestor

Jork Nélling, Dittmar Hahn, Wolfgang Ludwig' and Willem M. de Vos

"Lehrstuhl fiir Mikrobiologie, Technische Universitit Minchen, Federal Republic of
Germany.

SUMMARY

Comparative sequence analysis of PCR-amplified 165 rRNA genes from members of
M.thermoformicicum and M. thermoautotrophicum provide evidence that the classification into
these two species does not reflect their phylogenetic relationship. Our results support the
proposal of Touzel and coworkers (1992) who, based on DNA hybridization and
immunological studies, identified at least three groups among strains of M. thermaformicicum
and M.thermoaurotrophicum which may represent different species. Those three groups
comprise (i) M.thermaformicicum strains Z-245, FTF, THF, CSM3, FF1 and FF3, and
M. thermoautotrophicum AH, (ii} M. thermoformicicum strains CB12, SF-4 and HN4, and (iii)
M. thermoautotrophicum Marburg. In addition, sequences related to the fidhA and fdhB genes
for formate dehydrogenase were identified in the genomes of M. thermoautotrophicum strains
AH and Marburg suggesting that M. thermoautotrophicum and M. thermaformicicum have been
derived from a common ancestor able to utilize formate.

INTRODUCTION

The thermophilic species Methanobacterium thermoautotrophicum and Methanobacterium
thermoformicicum are classified according to their ability to use H,/CO, only or H,/CO, and
formate, respectively, as sole energy- and carbon source (Whitman et al., 1992). Several
observations suggest, however, that a taxonomy based on a phenotypical character such as
formate-utilization may not reflect the phylogenetic relationship of the two species. The
assignment of M.rthermoautotrophicum strains AH and Marburg into the same species was
questioned already more than ten years ago by Brandis et al. (1981) who found that the
strains AH and Marburg exhibit only limited (46%) DNA-DNA relatedness and show
considerable differences in composition of cell wall amino sugars and the large subunit of
the DNA dependent RNA polymerase. M. thermoformicicum strains, on the other hand, differ
in respect to immunological cross-reactions (Yamamoto et al., 1989) and genetic
fingerprinting (Nolling et al., 1951). Moreover, comparison of 5§ rRNA sequences
(Chumakov et al., 1987) and immunological studies (Bezrukova et al., 1989) indicate that
M. thermoautotrophicum AH is closer related to M.thermoformicicum Z-245 than to
M. thermoautotrophicum Marburg.
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The question whether the strains of M.thermoautotrophicum and M. thermoformicicum have
to be reclassified should be answered by a detailed analysis of their similarity on nucleic acid
level, e.g. by DNA-DNA hybridization studies and ribosomal RNA sequence comparisons.
The recently reported results from DNA-DNA similarity values and immunological studies
of several strains of the species M.thermoautotrophicum and M.thermoformicicum (Touzel
et al., 1992) clearly indicate that reclassification of both species is required. It was found that
(1) M.thermoautotrophicum AH is only distantly related to M. thermoautotrophicum Marburg
but more related to some members of the species M. thermoformicicum, and (ii) the species
M.thermoformicicum includes strains which may belong to another, not yet defined species
(Touzel et al., 1992).

One of the powerful methods to determine the evolutionary relationship among different
organisms is the analysis of the variable regions of small subunit rRNAs sequences (Woese
etal., 1987). Among the thermophilic strains of the genus Methanobacterium, only the rRNA
operon of M.thermoautotrophicum Marburg has so far been characlerized in detail by
sequence analysis of a genomic clone (stergaard et al., 1987). The aim of the present report
was to analyze the differences in the 165 rRNA of members of Methanobacterium in order
to confirm their inter- and intraspecies relationship derived from DNA-DNA similarity
studies (Touzel et al., 1992). For this purpose, we determined the partial 165 rRNA
sequences of M.thermoautotrophicum AH and M.thermoformicicum strains Z-245, FTF,
THF, CB12, SF-4, FF1, FF3, CSM3 and HN4 from cloned 16S rRNA genes that were
amplified by the polymerase chain reaction (PCR), and compared these sequences with that
of the 165 tRNA from M.thermoautotrophicum Marburg. Furthermore, we show that the
non-formate utilizing strains M.thermoautotrophicum Marburg and AH contain sequences
related to the genes encoding the o and 8 subunit of the formate-dehydrogenase (ffhA and
fdhB, respectively) from M. formicicurm.

MATERIAL AND METHODS
Methanogenic strains

The following strains were obtained from the German Collection of Microorganisms
(Braunschweig, Germany): M. thermoautotrophicum AH (DSM 1053), M. thermoformicicum
strains Z-245 (DSM 3720), FTF (DSM 3012), THF (DSM 3848) and CB12 (DSM 3664).
M.thermoformicicum SF-4, kindly provided by K. Yamamoto, Japan, and strains FF1 and
FF3 have been described previously (Nolling et al., 1991). M.thermaformicicum strains
CSM3 and HN4 were isolated according to previously described procedures (Nélling et al.,
1991) from a mesophilic upflow-anaerobic-sludge-bed reactor (T. Grotenhuis and C. Plugge,
Department of Microbiology, University of Wageningen, The Netherlands) and from
sediment of the river Rhine collected nearby Wageningen, The Netherlands, respectively.

PCR amplification of 165 rRNA-genes
Total DNA from methanogenic bacteria was isolated as described previously (Nolling et al.,
1991).

To facilitate cloning of PCR products, two primers commonly used for reverse transcriptase
sequencing {Embley et al., 1988) were synthesized with a 5° extension containing an unique
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restriction enzyme cleavage sites. Primer 1510 (Embiey et al., 1988) was equipped with a
Pstl-site resulting in primer 1510Pst with the sequence 5°-
GTGCTGCAGGGTTACCTTGTTACGACT (complementary to position 1493 to 1510 in the
Escherichia coli numbering system). The second primer, 124Bam, complementary to primer
124 (Embley et al., 1988), contained an additional BamHI-site and had the sequence 5°-
CACGGATCOGGACGGGTGAGTAACACG (position 106 to 124 in the E.coli numbering
system). )

PCR was performed in a total volume of 100 ul containing 10 ul 10 x PCR buffer (500
mM KCl, 25 mM MgCi,, 200 mM Tris/HCI pH 8.4, 1 mg/ml gelatine, 0.001% Nonidet P-
40), 1 ul ANTPs (each 10 mM in 10mM Tris/HCI pH 7.5), 0.2 ul Taq polymerase (5 U/ul,
Life Technologies Inc, Gaithersburg, Md.), 1 ul of each of the primers 1510Pst and 124Bam
(100 ng/pl}, and 1 ul DNA preparation (approximately 100 ng). Thirty rounds of temperature
cycling (95°C for 1 min, 48°C for 2 minutes and 72°C for 3 minutes) were followed by a
final 7 min step at 72°C.

Cloning and sequencing of amplified PCR products

The amplification products were treated with proteinase K (0.1 mg/ml, Boehringer
Mannheim, FRG) according to Crowe et al. (1991) except that sodium dodecy! sulfate (SDS)
was added to a final concentration of 0.5% followed by an incubation at 55°C for 20 min.
Subsequently, the suspension was extracted with phenol/chloroform, and the DNA was
precipitated with ethanol and finally dissolved in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM
EDTA). The amplified DNA was digested with BamHI and PsfI (Life Technologies Inc.,
Gaithersburg, Md.), separated by agarose gel electrophoresis and purified by the Geneclean
procedure (Bio 101, La Jolla, Calif.). Cloning of the amplification products into BamHI/ Ps1-
digested phage M13mp18/19 (Yanisch-Perron et al., 1985) and isolation of double- and
single-stranded M13-DNA was done by standard methods (Sambrook et al., 1989), using
E.coli TG1 (Gibson, 1983) as host.

The nucleotide sequences of overlapping fragments derived from the cloned amplification
products were determined by the dideoxy chain termination method (Sanger et al., 1977)
using the Sequenase kit according to the manufacturer’s instructions (United States
Biochemical Corp. Cleveland, Ohio). In addition to the supplied M13-forward sequencing
primer, two new primers were synthesized for determination of the internal sequence of the
cloned amplification products: primer 361 with the sequence 5’-GGGGCGCAGCAGGCGC
corresponding to positions 346 to 361 (E.coli numbering system) and primer 1114 with the
sequence 5°-GGGTCTCGCTCGTTGCC complementary to positions 1098 to 1114 (E.coli
numbering system). The 16S rRNA sequence of each strain used for comparison was based
on two different clones derived from the same PCR reaction, or - in the case of M.thermo-
Jormicicum strains Z-245, THF, CSM3, FF1 and HN4, and M.thermoautotrophicum AH -
from independent PCR reactions.

DNA hybridization
For the detection of formate-dehydrogenase-related sequences present in the genomes of
different Methanobacterium strains a radioactively labelled 2.2-kb BamHI-Sphl fragment

containing the fdhA gene or a 1.8-kb BamHI-Sphl fragment containing the f@hB gene from
M. formicicum JF-1 (Shuber et al., 1986; kindly provided by J. G. Ferry, Department of
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Anaerobic Microbiology, VPI Blacksburg, VA 24061, USA) were used as probes. Total
DNA prepared from Methanobacterium strains was digested, electrophoresed on a 0.7%
agarose gel, and transferred to a Hybond-N nylon filter (Amersham, United Kingdom) by
the capillary blot procedure (Sambrook et al., 1989). Prehybridization of the nylon
membranes:was performed at 65°C for 15 min in 0.5 M NaHPO, pH 7.2, | mM EDTA, 7%
SDS, 1% serum albumin and 0.5 mg sonicated and denaturated salmon sperm DNA. After
purification from agarose gel, the DNA probe was radioactively labelled by nick-translation
(Sambrook et al., 1989) with [a-*?P]dATP (110 TBq/mmol; Amersham, United Kingdom),
denaturated and added to the prehybridization solution. Hybridization was performed at 55°C
for 18 h. The membranes were washed for 5 min at room temperature in 2 x SSC (0.3 M
NaCl, 0.03 M. sodium citrate) containing 0.1% SDS, followed by incubation in the same
buffer for 20 min at 55°C and were finally subjected to autoradiography.

RESULTS AND DISCUSSION
Hybridization with fdh genes

Among the thermophilic species of the order Methanobacteriales, only M.thermoformicicum
is able to convert formate, whereas M. thermoautotrophicum strains have not been reported
to utilize formate (Whitman et al., 1992). We have previously shown that comparison of
hybridization patterns derived from probing with fiZkA, the structural gene coding for the o
subunit of formate hydrogenase of the mesophilic M. formicicum (Shuber et al., 1986), is a
useful technique for the classification of M.thermaformicicum. Two groups could be
distinguished using this approach: the Z-245-group comprising strains Z-245, FTF, THF,
FF1, and FF3, and the CB12-group including strains CB12 and SF-4 (Nélling et al., 1991).
The two new M.thermaformicicum isolates CSM3 and HN4 were classified in the same way
(data not shown) and found to belong to the Z-245-group and the CB12-group, respectively.

Unexpectedly, we found that radioactively labelled f@hA hybridized also with total DNA
of the non-formate utilizers M. thermoautotrophicum strains AH and Marburg (Fig. 1A).
Moreover, M.thermoautotrophicum strains AH and Marburg also contained genomic
sequences homologous to fdhB (Fig. 1B), which encodes the 8 subunit of the M. formicicum
formate dehydrogenase (Shuber et al., 1986). The hybridization signals obtained with
radioactively labelled fihA and fdhB revealed a hierarchy of intensity in which the most
ntense signals- were found with DNA from M.thermoformicicum, while the signals of
M.thermoawotrophicum  AH DNA  were stronger than those with DNA from
M.thermoautotrophicum Marburg (Fig. 1).

The hybridization data clearly show that the genomes of M. thermoautotrophicum strains AH
ind Marburg contain fih-related sequences suggesting that the inability of both strains to
sonvert formate is due to a non-functionality of the fdh-operon rather than the absence of the
structural genes for formate dehydrogenase. If so, the non-functionality of the f@h genes in
‘he M.thermoautotrophicum strains may explain the observed less intense hybridization
signals compared to those obtained with DNA from members of the only distantly related
‘ormate-utilizing M. thermoformicicum Z-245- and CB12-group (Fig. 1): the selective pressure
n the latter strains should ensure conservation of the fdh genes whereas mutations in the
wn-essential fdh-related sequences of M. thermoautotrophicum strains AH and Marburg would
10t have been selected out.
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Figure 1. Southern hybridization of total DNA isolated from Methanobacterium with the
M formicicum fidhA (panel A) and fdhB genes (panel B). Total DNA (about 0.5 ug each) was isolated
from M.thermoformicicum FTF {lane 1) and SF-4 (lane 2), and M.thermoautotrophicum strains AH
(lane 3, 5) and Marburg (lane 4, 6), digested with BamHI (lanes 1-4) and BamHI/Sphl (lanes 5, 6)
and separated by agarose gel electrophoresis. After transfer of the DNA to nylon-membranes, the
blots were hybridized with a radioactively labelled 2.2-kb BamHI-Sp#l fragment containing the fdhA
(panel A) and a 1.8-kb BamHI-Sphl fragment containing the f7hB gene (panel B) from M. formicicum
JF-1. The sizes (in kilobases) of HindlIl A DNA fragments are indicated at the left,

The presence of cryptic fith genes implies that the strains AH and Marburg were derived
from ancestors that were able to convert formate, M.thermoautotrophicum AH is closely
related on genomic level to the M.thermoformicicum Z-245-group (Touzel et al., 1992; see
below) and therefore represents a non-formate utilizing member of M.thermoformicicum.
Strain Marburg, in contrast, is only distantly related to the thermophilic formate-utilizing
Methanobacterium strains (Touzel et al., 1992; see below). Since both M.thermo-
autotrophicum strains harbor cryptic fih genes, it is reasonable to assume that
M.thermoformicicum and M.thermoautotrophicum straings AH and Marburg have been
originated from a common formate-utilizing ancestor. Interestingly, a similar diversity in the
ability to convert formate in addition to H,/CO, is typical among mesophilic
Methanobacterium strains and members of the closely related genus Merhanobrevibacter
(Whitman et al., 1992). It is therefore tempting to speculate that the non-formate utilizers
among those strains also contain cryptic fidh genes. If so, this would imply that the capacity
to convert formate into methane has occurred early in evolution of the genus.
Methanobacterium and its close relatives.
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16S rRNA sequence analysis

Using PCR-amplified templates, partial 168 rRNA nucleotide sequences were determined
from M.thermoautotrophicum AH and nine M. thermaoformicicum strains including all seven
strains reported so far and the two new isolates described here. The sequencing strategy
generated a continuous stretch of 1334 bases of each strain. The 16S rRNA sequences from
the nine strains examined were aligned with that of M.thermoaurotrophicum Marburg
(Ostergaard et al., 1987; Fig. 2). For calculation of the similarity values the 168 rRNA
sequence of the mesophilic formate-utilizer M. formicicum was included (Table 1). Based on
the derived K, (evolutionary distance) values an unrooted phylogenetic tree was constructed
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Figure 2. Alignment of wvariable regions of 168 rRNA seguences derived from
M. thermoautotrophicum Marburg (Dstergaard et al., 1987) and AH, and M.thermoformicicum strains
Z-245, FTF, FF1, FF3, CSM3, THF, CB12, SF4 and HN4, Base positions in the sequences are
numbered consecutively and correspond to the numbering of the 168 rRNA from strain Marburg
{Dstergaard et al., 1987). Only nucleotides that differ from strain Marburg are shown, while identical
nucleotides are denoted by dots. (-) correspond to alignment gaps. Regions VRI and VRII represent
highly variable regions. The accession numbers (EMBL database) assigned to the analyzed 165 rRNA
sequences are indicated.
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using the neighbor-joining method of Saitou and Nei (1987) (Fig. 3).

The determined 165 rRNA sequences of the examined thermophilic Methanobacterium
strains were highly similar ranging from 98.5 to 100%. In total 29 positions were found to
be variable and a maximum of 19 base variations were observed between two sequences (Fig.
2). The majority (16) of those base variations was concentrated in two highly variable
regions, designated VRI (position 122 to 200 according to the numbering of the 168 rRNA
from M.thermoautotrophicum Marburg [@stergaard et al., 1987]) and VRII (position 1393
to 1401), which are located close to the 5°- and 3’-terminus of the 168 rRNA molecule,
respectively (Figures 2 and 4). Alignment of the variable positions of the 16S rRNA
molecules allowed the recognition of different 168 rRNA signatures and a classification of
the corresponding Methanobacterium strains into at least three groups with nearly identical
168 rRNA sequences. One of these groups is represented by M.thermoautotrophicum
Marburg. The two other groups are coinciding with those derived from genetic fingerprinting
with fidhA (see above), i.e. the Z-245-group, comprising M. thermoformicicum straing Z-245,
FTF, FF1, FF3 and CSM3, and the CB12-group, consisting of M. thermoformicicum strains
CB12, SF-4 and HN4. Based on the 165 rRNA similarity, M.thermoautotrophicum AH
belongs to the Z-245-group.

The 168 rRNA sequences of the Z-245- and the CB12-group differ from each other at 17
positions, corresponding to 98.7% sequence similarity. Both differ from M.thermo-
autotrophicum Marburg at 19 positions, corresponding to 98.6% sequence similarity.
M. thermaformicicum THF has a slightly different 165 rRNA signature which shows similarity
with those of all three groups. Its close proximity to the Z-245 branch suggests, however,
that strain THF should be assigned to the Z-245 group as proposed on the basis of DNA-
DNA hybridization studies (Touzel et al., 1992).

Using the secondary structural model of the 16S tTRNA molecule of M. thermoautotrophicum
Marburg (Jstergard et al., 1987), the variable positions of the examined 165 rRNA
sequences were analyzed for their possible effect on secondary structure. As illustrated in
Figure 4 for the two highly variable regions VRI and VRII, about one third of the base

ble 1. Percentages of similarity (upper right) and K, values (lower left) for a 1334 bp region of 165 rRNAs from strains of
the genus Methanobacterium

Organism 1. 2. 3. 4, 5. 6. 1. 8. 9. 10. 11, 12.
. M.thermoautotrophicion Marburg — 9.6 987 936 987 986 987 989 986 9386 985 n3
. M.thermoautoirophicum AH 0.0141 — 99.9 1000 99.9 100.0 999 995 98.8 988 987 920
. M.thermoformicicum Z-245 0.0133 0.0001 — 99.3 100.0 99.9 100.0 99.5 98.7 98.7 98.6 92.0
. M.thermaformicicum FTF 0.0141 0.0 0.0001 - 9.9 1000 999 995 98.8 983 937 N1
. M.thermoformicicum FF1 0.0133 0.0001 0.0 0.0001 99.9 1000 995 98.7 98.7 986 920

. M.thermaformicicum FF3 0.0141 0.0 0.000] 0.0 0.0001 9.9 995 98 988 987 921

. M.thermgformicicum CSM3 0.0133 0.0001 0.0 0.0001 0.0 0.0001 — 995 987 937 986 920
. M_thermaformicicum THF 0.0110 0.0045 0.0053 0.0045 0.0053 0.0045 0.0053 — 98.9 939 939 923
. M.thermoformicicum CB12 0.0141 0.0122 0.0129 006122 00129 0.0122 0.0129 00107 — 1000 999 924
. M.thermoformicician SF-4 0.0141 0.0122 0.0129 0.0122 0.0129 0.0122 0.0129 0.0107 0.0 - 999 924
- M.thermoformicicum HN4 0.0148 0.0129 0.0137 0.6129 0.0137 0.012% 0.0137 0.0114 0.0001 0.0001 — 92.3
. M. formicicum (DSM 1312) 0.0816 0.0841 0.0845 0.0832 0.0849 0.0831 0.0848 0.0308 0.0801 0.0801 0.0808 —
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M. thermoformicicum CB12, SF-4, HN4

M. thermafor-
M. thermoformicicum Z-245, micicum THF
FTF, CSM3, FF1, FF3

M. thermoautotrophicum A H

M. thermoauto-
trophicum Marburg

M. formicicum
Figure 3. Phylogenetic tree reflecting the intrageneric relationships of Methanobacterium strains.

variations affected unpaired sequence regions that do not contribute to the stability of the
secondary structure. In contrast, the other two third of the base substitutions were located
in helical regions and most of those may affect the secondary structure of the 165 rRNA
since only one position of a base pair was changed. Interestingly, the majority of those non-
compensatory base substitutions affected mispaired regions in the 168 rRNA of
M.thermoautotrophicum Marburg and generated perfect base pairing in the 16S rRNA
sequences of members of the Z-245 and the CB12 group. Inspection of all variable positions
located in helical regions of the analyzed 16S rRNAs of M.thermaoformicicum and M. thermo-
autorrophicum AH revealed that this is true for the majority of base substitutions (Table 2).
. Two conclusions may be drawn from the 168 rRNA sequence comparison. Firstly, the
‘species ‘M. thermoformicicum consists of two groups of strains, the Z-245- and the CB12-
group, whose degree of phylogenetic relationship is as high as the relationship between each
. of these groups and M. thermoautotrophicum Marburg. Secondly, M. thermoautotrophicum AH
is. phylogenetically closer related to members of the Z-245-group than to
‘M. thermoautotrophicum Marburg.

The obtained 16S rRNA data are in congruence with the results derived from DNA-DNA
hybridization studies and antigenic fingerprinting described by Touzel et al. (1992) and
. support their conclusions that the examined strains of M.thermoautotrophicum and
M. thermoformicicum comprise at least three groups of considerable similar strains. As shown
in Table 3, the M.thermoformicicum strains Z-245 and CB12 on the one and M.thermo-
autotrophicum Marburg on the other hand exhibit about 30% DNA-DNA similarity. Based

32



GA
G A ?
U u
€ —G o, v ,©
M v ule
=G .
PC—G*@@ ..I-U o (G- 140
re-e 2°¢00
@""UA UU ®'A o
AL
56,° B
AY — g GssU
150 U ﬁ-» 0 5!G_Cal
AUAA Va A »
A CUGGGG A"CCUGG cAccuY
BrellIt 1 ALl [111e ¢
GEGCCTG 5 4U ,GEGUC A GUGGGG () z-245 group
A78-C o @ TvF
8:2 @ . CB12 group
gU A, [] au

Figure 4. Secondary structure of the two variable regions VRI and VRII (see Fig. 2} of 165 rRNA
sequences from strains of M.thermoautotrophicum and M. thermoformicicum. The secondary structure
shown is that from M.thermoautotrophicum Marburg (Gstergaard et al., 1987). Variable positions
found in the 168 rRNA sequences from members of the Z-245- and CB12-group and from strain THF
are indicated. A deleted nucleotide is denoted by (A). At position 153, t.he substitution (C) for (U)
found for the majority of the strains is indicated.

Table 2. Variable base pairs in 165 rRNA from strains of the genus Methanobacterium

Pesition of M. thermoautotrophicum M.thermaoformicicum M. formicicum
base pair* Marburg

CB12-group  Z-245-group®

122:154 U-G C:.G c:G U-G
123:153 G-U G:C G:Y* LCH o
164:182 uu - AU uu G:C
166:180 C.G : AG cu cCUu
167:179 G-U ) uu uu uu
556:568 G-U AU AU A:U
715:752 UG C.G C:G C.G
955:975 G:C G-uU G:C AU
1077:1099 G-U AU AU G:C .
1217:1222 u-G u-Gg C:G U-G
1393:1401 G:C - G:C AU G-U
1394:1400 U-G C:.G C.G U-G

1395:1399 . AU AU AGH C:G

- * Numbering follows M. thermoaurotrophicum Marburg I6S rRNA.
® Including M.thermoautotrophicum AH.
* Y = pyrimidine,
4 M.thermaformicicum THF only.
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on these low values it was proposed that those strains belong to different species (Touzel et
al. 1992). In contrast, the strains whose 168 rRNA sequences were found to be most similar
to that of M.thermoformicicum Z-245, i.e. those of the Z-245-group, exhibit DNA-DNA
similarity values of more than 70% (Table 3). According to Wayne et al. (1987), this is
sufficiently high to assign these strains to the same species as proposed by Touzel and
coworkers (1992). Although no DNA-DNA hybridization data are available that compare
members of the CB12-group with each other, their nearly identical 16S rRNA signatures
suggest that those strains belong to the same species.

Table 3. Comparison between DNA-DNA hybridization results (Touzel et al., 1992) and the levels of 168 TRNA
sequence similarity

Organism pair % of DNA-DNA % of 165 rRNA
hybridization homology
M.thermaformicicum Z-245 and M. thermoformicicum CB12 25 98.7
M.thermoformicicum CB12 and M.thermoautotrophicum Marburg 27 98.6
M.ihermaformicicum CB12 and M.thermaformicicum THF 27 98.9
M. thermoformicicum Z-245 and M.rhermoawutorrophicum Marburg 29 98.6
M.thermaoformicicum THF and M. thermoautotrophicam Marburg 33 98.9
M.thermoformicicum Z-245 and M.thermoformicicum THE 73 99.5
M.ihermoformicicum Z-245 and M.thermoautotrophicum AH 97 99.9

The present 16S rRNA sequence analysis confirms the recently proposed classification of
several thermophilic Methanobacterium strains based on DNA-DNA similarity studies
(Touzel et al., 1992) and allows to determine the phylogenetic relationship of the examined
methanogens. Additional support for the new classification is provided by the fact that the
obtained genomic relatedness of the three thermophilic Methanobacterium groups correlates
well with the established antigenic relationships (Touzel et al., 1992). Moreover, the
homogeneity of the Z-245-group including M. thermoautotrophicum AH is supported by recent
phage-typing studies using the newly identified Methanobacterium phage $F1 (Nolling et al.,
1993a) and the presence of a specific DNA sequence possibly representing a mobile DNA
element that was found to be restricted to strains of this group (Nélling et al., 1993b).
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CHAPTER 3

&F1 and $F3, two novel virulent, archaeal phages infecting different thermophilic
strains of the genus Methanobacterium

Jork Nolling, Alexander Groffen and Willem M. de Vos

SUMMARY

Two virulent, archaeal phages, F1 and $F3, were isolated that were capable of infecting
different thermophilic members of Methanobacterium. Both phages exhibited a similar
morphology consisting of a polyhedral head and a tail but differed considerably in their host
specificities and the size and topology of their genomes. Phage $F1 contained a linear,
double-stranded DNA genome of 85 + 5 kb in size and showed a broad host range including
M _thermoformicicum strains Z-245, FTF, FF1, FF3 and CSM3, and M. thermoautotrophicum
AH. In contrast, $F3 phage particles contained a circular genome, comprising approximately
36 + 2 kb double-stranded DNA, and could only be propagated on M. thermaoformicicum
FF3. Hybridization experiments did not reveal similarity between the genomes of ®F1 and
®F3 nor between both phages and genomic DNA from different thermophilic members
Methanobacterium or from phage M1 of M.thermoautotrophicum Marburg. A physical map
of both phage genomes was constructed. The DNA of phage $F1 was found to contain
multiple GGCC-sites which form the target for restriction-modification (R/M) system MhTI
of M.thermoformicicum THE. Therefore, restriction of $F1 DNA may explain the resistance
of strain THF against infection by ®F1. In contrast, the ability of ®F1 to infect strains Z-245
and FTF both of which harbor CTAG-specific R/M systems, is probably due to the presence
of only a single CTAG-site in the genome of $F1.

INTRODUCTION

A variety of viruses and virus-like particles have been found in representatives of the three
major lines of the archaebacteria (now termed Archaea; Woese et al., 1990), the
methanogenic, the halophilic and the extreme thermophilic, sulfur-dependent organisms (for
review: Zillig et al., 1988). All archaeal viruses and virus-like particles characterized so far
contain double-stranded DNA genomes with a size ranging from less than 30 kb found for
those infecting extreme thermophilic, sulfur-dependent Archaea up to 230 kb for the phage
Jal of Halobacterium halobium (Zillig et al., 1988; Wais et al., 1975).

One of the best studied archaeal phages is the lemon-shaped, temperate virus SSV1 from
Sulfolobus shibatae whose circular, positively supercoiled 15.5-kb genome (Nadal et al.,
1986) is maintained either free or integrated into the chromosome of its host (Yeats et al.,
1982). The integration site (Reiter et al., 1989) and transcription units (Reiter et al., 1987)
of the SSV1 genome have been mapped and its complete nucleotide sequence has been
determined (Palin et al:, 1991).- Initially described as a virus-like particle which could not

- 37



be propagated on S.shibatae, SSV1 was recently shown to infect S.solfetaricus and is thus
a true virus (Schleper et al., 1992). Moreover, also transfection with SSV1 DNA has been
demonstrated (Schleper et al., 1992). A temperate phage of the halophilic branch, $H, has
also -successfully been used to transfect spheropiasts of its host Halobacterium halobium
(Cline and Doolittle, 1987). The linear 59-kb $H genome, whose transcription units were
mapped (Zillig et al., 1986), is circularized upon lysogenization (Schnabel and Zillig, 1984b)
and exhibits, similar to the genome of its host, a high degree of genetic variability (Schnabel
et al., 1982) which is mediated by certain insertion elements, predominantly ISH1.8 (Zillig
et al., 1988; Schnabel et al., 1984a). Similar to certain phages of the bacterial domain,
modification of archacal phage DNA has been observed for phage N of H.halobium whose
linear, 56-kb genome was found to contain 5-methyl-cytosine (Vogelsang-Wenke and
Qesterhelt, 1988).

For methanogens, at least one virus-like particle, isolated from Methanococcus voltae A3
(Wood et al., 1989) and a putative prophage of Methanolobus vulcani {Wilharm et al., 1986)
have been described. Two infective phage particles were isolated from Merhanobrevibacter
smithii, the lytic phages PG (Bertani and Baresi, 1986) and PMS1 (M. R. Knox and J. E.
Harris, Abstr. XIV Internat. Congr. Microbiol. 1986, P.G3-8, p. 240) with genome sizes
of 50 and 35 kb, respectively. The best characterized phage of the methanogenic branch is
yM1 from the thermophilic Methanobacterium thermoautotrophicum Marburg (Meile et al.,
1989). This lytic phage contains a linear, circularly permutated 27.1-kb genome with a
terminal redundancy of approximately 3 kb (Jordan et al., 1989). Interestingly, besides the
concatemeric precursor of the phage DNA which is packaged by a headful mechanism, also
multimers of the cryptic 4.4-kb plasmid pME2001 harbored by sirain Marburg (Meile et al.,
1983) could be isolated from yMI1 particles (Meile et al., 1989). This relaxed packaging
machinery is probably responsible for the recently demonstrated general transduction
mediated by yM1 (Meile et al., 1550),

In the present study we report the isolation and initial characterization of two novel lytic
archaeal phages, #F1 and ®F3, capable of infecting different thermophilic strains of the
genus Methanobacterium.

MATERIAL AND METHODS
Bacterial strains and phages

Strains of M.thermoformicicum and M.thermoautotrophicum used in this study are listed in
Table 1. Cultivation of methanogenic strains in liquid cultures or on solidified 0.8% Gelrite
plates (Roth GmbH, Karlsruhe, FRG) was performed as described previously (Nélling et al.,
1991) except that 0.2 g/1 MgCl, was used. DNA of phage yM1 was a gift from L. Meile
(Department of Microbiology, ETH Zirich, Switzerland)

Isolation of methanogenic phages
For the isolation of both phages $F1 and ®F3 samples were taken anaerobically from an
upflow anaerobic sludge-bed reactor operating at 55°C (Department of Environmental

Engineering, University of Wageningen, The Netherlands) which already had served as
source for the isolation of M.thermoformicicum strains FF1 and FF3 (Nolling et al., 1991).
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For enrichment of phages, 10 ml of the samples were sterilized by filtration on a 0.2 pm
filter {Schleicher & Schuell, Dassel, FRG) and added to 100 ml serum bottles containing 20
ml medium described by Nolling et al. (1991). These serum bottles were inoculated with 1
ml of exponentially grown cultures of either strain FF1 or FF3 and incubated for at least two
days under H,/CQ, at 55°C. Samples of the grown enrichment culture were tested for plaque
formation on a lawn of the indicator straing FF1 and FF3.

Table 1. Methanogenic strains used in this study

Strain Plasmid Reference
(size in kb)

M.thermoformicicum
Z-245 (DSM 3720)* pFZt (11) (Zhilina et al., 1984)
FTF (DSM 3012) pFZ2 (11) (Touzel et al., 1988)
THF (DSM 3848) pFV1 (13.5) (Zinder and Koch, 1984}
CB12 (DSM 3664) - {Zhao et al., 1984)
SF-4 - (Yamamoto et al., 1989)
FF1 - (Nolling et al., 1991)
FF3 - (N&iling et al., 1991)
CSM3 - (Nolling et al., 1993)
HN4 - {Nolling et al., 1993)

M. thermoautotrophicum
AH (DSM 1053) - (Zeikus and Wolfe, 1972)
Marburg (DSM 2133) pME2001 (4.4) (Fuchs et al., 1978)

*DSM, German Collection of Microorganisms, Braunschweig, FRG.

Propagation and titration of phages

For small scale preparation of phage lysates, a single plaque was added to 100 ml serum
bottles containing 20 ml medium (N&lling et al., 1991) inoculated with 1 ml of exponentially
grown cultures of the appropriate methanogenic host (about 5 x 107 cells/ml) and incubated
for one or two days at 55°C under Hy/CQ, atmosphere in a shaking incubator at 150 rpm.
Large quantities of phage lysate were obtained under similar corditions using 1 1 serum
bottles containing 0.2 1 medium inoculated with 0.2 ml phage lysate (approximately 10°
PFU/ml) and 1 ml of a methanogenic culture. Alternatively, high titer lysates (10° PFU/ml)
were prepared from plate lysates obtained by flooding agar plates showing confluent lysis
with 1.5 ml SM-buffer (Sambrook et al., 1989). For routine propagation of phages, phage
lysates were prepared in 100 ml serum bottles as described above, sterilized by filtration
through a 0.2 um filter and stored anaerobically at 4°C.

Phage titers were determined by the soft agar overlay method essentially as descnbed by
Meile et al. (1989). Usually, 0.1 ml of (diluted) phage lysate was mixed with 0.3 ml
exponentially growing cells and incubated for 20 min at room temperature to allow phage
adsorption. Soft agar (2.5 ml of 0.7% agar) was added and the mixture was poured onto
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freshly prepared and dried Gelrite plates (Nolling et al., 1991). The plates were incubated
upside down at 55°C under H,/CO, atmosphere for one to three days.

Isolation of DNA

Phage lysates were centrifugated at 10,000 x g for 10 min and the supernatant was collected.
DNase and RNase A (Boehringer GmbH, Mannheim, FRG) were added to a final
concentration of 0.2 ug/ml, and the supernatant was gently stirred for 1 h at room
temperature. Phage particles were precipitated by adjusting the supernatant to 1 M NaCl and
10% (wt/vol) polyethylene glycol 6000, followed by an overnight incubation at 4°C. The
phage precipitate was recovered by centrifugation at 10,000 x g for 10 min at 4°C and gently
resuspended in SM-buffer. After addition of sodium dodecy! sulfate and EDTA to a final
concentration of 0.5% and 20 mM, respectively, the suspension was treated with proteinase
K (0.1 mg/ml; Boehringer GmbH, Mannheim, FRG) for 1 h at 56°C. The DNA was
deproteinized by several phenol/chloroform extractions followed by an extraction with
chloroform. Finally, the DNA was precipitated with ethanol and dissolved in TE buffer (10
mM Tris/HCI pH 8.0, 1 mM EDTA).

Total DNA from strains of the genus Methanobacterium was isolated as described by
Nolling et al. (1991).

Manipulation and hybridization of DNA

All restriction enzymes were purchased from Life Technologies Inc. (Gaithersburg, Md.) and
used according to the instructions of the supplier. R.MrhZI and R. MthTI endonuclease assays
were performed as described earlier using extracts prepared from M. thermoformicicum Z-245
{(Nolling and de Vos, 1992b) and from E.coli harboring pURM4AM with the cloned mthTIR
gene from plasmid pFV1 of M.thermoformicicum THF (Nolling and de Vos, 1992a),
respectively. To remove histone-like proteins present in the extracts prepared from strain Z-
245, R.MhZl assays were deproteinized prior gel electrophoresis as described previously
(Nolling and de Vos, 1992b).

For DNA-DNA hybridization, DNA was transferred from agarose gels to Hyperbond
membranes by a capillary blot procedure as specified by the supplier (Amersham, United
Kingdom). For preparation of DNA probes, either total phage DNA or DNA fragments
isolated from agarose gels using the Geneclean kit (Bio 101, La Jolla, Calif.) were labelled
by nick-translation (Sambrook et al., 1989) with [«-?P]dATP (Amersham, United Kingdom).
Prehybridization and hybridization were performed as described earlier (Nolling et al., 1991).
Washing procedures were carried out in 2 x SSC/0.1% SDS at 55°C (medium stringent) and
in 0.1 x S§C/0.1% SDS at 65°C (stringent).

Electron microscopy

Preparations of $F1 and $F3 were placed on Formvar-coated cooper grids and stained with
1% uranyl acetate. The electron microscope used for examination was a Philips CM12.



RESULTS
Morphology of phage $F1 and $F3

We have previously reported the isolation of the M. thermoformicicum strains FF1 and FF3
from an anaerobic, thermophilic digestor (Nolling et al., 1991). Both strains served as
indicator for the enrichment and subsequent isolation of two phages from the same anaerobic
digestor, which accordingly were designated $F1 and $F3.

Electron microscopy of negatively stained phage preparations revealed a similar
morphology of both phages ®F1 and $F3. Phage $F1 consists of a isometric, icosahedric
capsid approximately 70 nm in diameter and a nonflexible tail of approximately 160 nm in
length and 20 nm wide (Fig. 1A). Phage $F3 is composed of a isometric, icosahedric head
of approximately 55 nm in diameter and a 230 nm long and 9 nm wide tail which is flexible
in contrast to that of phage #F1 (Fig. 1B). The ®F3 tail consists of about 60 transversal
segments (Fig. 1B). Since no shortened tails were detected, the tails of $F1 and $F3 are
probably not contractible. The morphology of both $F1 and ®F3 is that of Bradley’s
classification group B (Bradley, 1967).

Figure 1. Negatively stained ®F1 (A) axd $F3 (B) particles. The bars represent 70 nm.
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Host specificity of phage $F1 and $F3

All known strains of M. thermaoformicicum and the M.thermoautotrophicum strains Marburg
and AH were tested for sensitivity to phages $F1 and $F3. As summarized in Table 2 both
phages differ with respect to their host range. While phage $F3 could only be propagated
on M.thermoformicicum FF3, phage ®F1 was found to infect a variety of strains including
M. thermoformicicum strains Z-245, FTF, FF1, FF3 and CSM3, and M. thermoautotrophicum
AH. No plaque formation was observed when each of the other strains was used as an
indicator even not after increasing the number of phages to approximately 10° PFU per plate.

Table 2. Host range of phage $F1 and $F3

Strain $F1* &F3*

M. thermoformicicum Z-245
FTF
THF
CSM3
FF1
FF3
CB12
SF4
HN4

M.thermoautoirophicum AH
Marburg

O N L

| S R Y R I S R R R A |

* +, indicates efficiency of plating of more than 10" while
-, indicates efficiency of plating of less than 10°%.

Lysates produced by $F1 on either host and $F3 lysates contained similar amounts of
infective particles and titers of 1-5 x 10f PFU/ml were obtained. Phage $F1 formed clear
and small {< ! mm in diameter) plaques that became visible after 2-3 days of incubation.
The clear plaques produced by phage $F3 had a size of approximately 2 mm in diameter and
could already be detected after about 20 h of incubation. Storing the lysates produced by
either phage in the presence of oxygen did not affect the phage titer.

Genomes of phage ¥F1 and $F3

The genome of the phages $F1 and $F3 is a double-stranded DNA molecule which served
as a good substrate for cleavage by seventeen type II restriction endonucleases with different
specificity. For the calculation of the genome sizes and for the construction of physical maps,
we have used several commercially available restriction endonucleases and those produced
by M.thermoformicicum strains THF and Z-245, the GGCC-specific R.MtATI (Nolling and
de Vos, 1989a) and the CTAG-recognizing R.MhZI (Nélling and de Vos, 1989b),
respectively.

The size of the #F1 genome was estimated tu be 85 + 5 kb by summing up the length of
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the restriction fragments derived from digestion with Safl (15 fragments; Fig. 2) and a triple
digest with XbeI-NoI-MIul (eight fragments). Further restriction analysis revealed no sites
for §fil, one site for Xbal and M:hZI (Fig. 2) and three sites for M/ul (Fig. 2) and Notl. The
latter three enzymes were used in double- and triple digestions for the construction of a
physical map which showed that $F1 contains a linear genome (Fig. 3). Incubation of $F1
DNA with MthTI generated multiple fragments, the majority of which were smaller than 1
kb (data not shown). To examine whether #F1 contains cohesive ends, Mlul-digested phage
DNA was heated to 78°C for 10 min and immediately cooled on ice. Separation by agarose
gel electrophoresis together with non-heated Mlul-digested $F1 DNA did not reveal any
difference in restriction pattern (data not shown).

Figure 2, Restriction ana-
A B lysis of DNA prepared
from phage $F1 (panel
A) and ®F3 (panel B).
(A) Approximately 0.3
ug $F1 DNA undigested
(lane 1), and digested
with MhZI (lane 2), Mitd
(lane 3) and Sa/l (lane
4). (B) Approximately
0.5 pg $F3 DNA undi-
gested (lane 1), and
digested with Se/fl (lane
2), Sall-Ssfd (lane 3),
Sall-Ssi1-MthZ1 (lane 4},
Sall-MithZI (lane 5), Ssd-
MthZl (lane 6), and
MthZI (lane 7). Lanes
s show HindllI-digested
A DNA as size marker.

Restriction digestion of phage ®F3 DNA with Sall and MthZI produced four and three
fragments, respectively (Fig. 2). If the #F3 genome is linear, this would correspond to three
Sall- and two MthZl-sites for the ®F3 genome which would genérate six restriction fragments
upon a double digestion with both endonucieases. However, we observed seven fragments
derived from digestion of $F3 DNA with Safl followed by incubation with MthZI (Fig. 2).
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Interpretation of these results led to the conclusion that phage $F3 contains a circular
genome. Mapping of the restriction sites for Ss7l, HindIll, Sall and MthZI confirmed the
circular configuration of the ®F3 genome which had a calculated size of 36 + 2 kb (Fig. 3).
The circularization of the $F3 genome seems not to be mediated by cohesive ends since
heated (78°C for 10min} and non-heated Sall-digests of $F3 DNA showed no differences in
restriction pattern after separation by agarose gel electrophoresis (data not shown).

Xba | fMth 21 Not1

Notl ot Mis | Mt

N I —  ®F1 (85 kb)

Figure 3, Physical maps of the linear genome of $F1 and the circular genome of ®F3. Sizes are
given in kilobases.

Homology of $F1 and $F3 DNA with DNA from other sources

Hybridization studies using radioactively labelled #F1- and $F3 DNA revealed no similarity
to digested total DNA from the Methanobacterium strains used in this study (data not
shown). In addition, no cross-hybridization was observed between DNA from $F1, $F3,
¥M1 DNA (data not shown). .

Since phage yM1 was found to package multimers of plasmid pME20(Q1 harbored by its
host M.thermoqutotrophicum Marburg (Meile et al,, 1989), we tested whether phage $F1
contained (fragments of) plasmid pFZ1 DNA from M.thermoformicicum Z-245. For this
purpose, we extracted DNA from phages propagated on strain Z-245 and the plasmid-free
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M.thermoautotrophicum AH and hybridized it, after digestion and subsequent blotting, to the
three cloned Kpnl fragments of plasmid pFZ1 labelled by nick-translation (N6lling et al.,
1991). The DNA from ®F1 phage particles propagated either on strain showed no
hybridization with pFZ1 (data not shown) indicating that $F1 does not have the capacity to

package pFZ1 DNA.

DISCUSSION

Two novel lytic phages $F1 and $F3 capable of infecting different thermophilic strains of
the archaeal genus Methanobacterium were described. Both phages $F1 and $F3 were
composed of a polyhedral head and a tail similar to the morphology of the phages found for
halophilic and methanogenic Archaea, with the exception of the virus-like particle of
Methanococcus voltae A3 (Wood et al,, 1989).

Neither #F1 nor $F3 contained sequences with similarity to DNA from any of the phages
or methanogens used in this study. The lack of sequence similarity between $F1, $F3 and
yM1 would imply that these phages use different mechanism to induce lysis of the host cell.
Since lysis of M.thermoautotrophicum Marburg is mediated by a phage encoded
pseudomurein endopeptidase (Stax et al., 1992), $F1 and $F3 may either specify a different
lytic activity or induce autolysis of the host.

Phage $F1 contains a linear genome consisting of approximately 85 kb which so far is the
largest genome reported for a methanogenic phage. In contrast, DNA extracted from $F3
phage particles was approximately 36 kb in size and showed a circular configuration which
is an unusual topology for the genome of a tailed phage. A similar genome topology was,
however, found for the virus-like particle from Methanococcus voltae A3 which contains a
23-kb DNA molecule (Wood et al., 1989) and the 15.5-kb genome of the virus SS§V1 from
Sulfolobus shibatae (Nadal et al., 1986). The circular form of the $F3 DNA suggests that
its genome is either replicated and packaged as a monomer or that replication of $F3 DNA
results in a (linear or circular) multimeric form which is resolved into circular monomers
during packaging,

The phages #F1 and $F3 differ remarkably in their host range. Similar to phage yM1 of
M. thermoautotrophicum Marburg, phage $F3 has a narrow host range and could only be
propagated on M.thermoformicicum FF3 which served as indicator strain for the isolation of
$F3. In contrast, phage $F1 was capable to infect five strains of M.rhermaformicician and
M._thermoautotrophicum AH. This broad host-range of $F1 is relevant in the context of the
recently reported phylogenetic studies on thermophilic straings of the genus
Methanobacterium. Based on DNA-DNA similarity (Touzel et al., 1992) and 165§ rRNA
analysis (Nolling et al., 1993} these studies provided evidence for the conclusion that (i) the
species M. thermoformicicum can be divided into two groups of strains, the Z-245- and CB12-
group, which may constitute different species, (ii) strain M. thermoautotrophicum AH belongs
to the Z-245-group, and (iii) M. thermoautotrophicum Marburg is clearly different from either
of those strains. The host range of ®F1 that includes M.thermoformicicum strains Z-245,
FTF, CSM3, FF1 and FF3, and M.thermoautotrophician AH, all of which are closely related
members of the Z-245-group, supports the proposed different taxonomic position of these
thermophilic Methanobacterium strains (Touzel et al., 1992; Nélling et al., 1993).

Phage ®F1 failed, however, to infect M. thermoformicicum THF which is a more distantly
related member of the Z-245-group (Touzel et al., 1992; Nélling et al., 1993). Although
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strain THF could be a trivial phage-resistant mutant it is also possible that the penetrated $F1
DNA is inactivated by endonuclease attack of the plasmid-encoded, GGCC-recognizing type
II restriction-modification (R/M) system M¢ATI of strain THF (No6lling and de Vs, 1992a).
If 50, the R/M system of strain THF would be more efficient in protecting against phage ®F1
infection than the R/M systems MthZI and MtAFI of strains Z-245 and FTF, respectively,
that are specific for the sequence CTAG (Nolling and de Vos, 1992b). The extreme
difference in the frequency of appropriate endonuclease target sites in the 80 kb genome of
®F1, i.e. a single CTAG-site versus multiple. GGCC-sites, would support this assumption
(Fig. 2 and 3). Although CTAG is one of the rarest occurring tetranucleotides in DNA of
methanogens (N6lling, unpublished results) the exceptionaily strong bias against CTAG found
in the genome of $F! could well be a result of counterselection against restriction sites in
the phage DNA in order to escape the host-controlled restriction barrier. Such an
antirestriction mechanism is one of the phage-derived defense strategies known to be realized
by certain bacterial bacteriophages to avoid restriction by the host (Kriiger and Bickle, 1983).

The specificity of phage $F3 for M.thermoformicicum FF3 as only host was unexpected
since strain FF3 belongs to the group of closely related strains that serve as host for #F1.
The existence of a type II restriction barrier is not likely since, in contrast to
M.thermoformicicum strains THF, Z-245 and FTF, extracts prepared from strains FF3, FF1
and CSM3 and M.thermoautotrophicum AH did not contain detectable site-specific
endonuclease activities (Nolling and de Vos, 1992b). These findings suggest that phage $F3
depends on a specific factor which is only present in strain FF3 or that the other strains of
the Z-245-group contain additional phage defense mechanisms such as type I or III R/M
systems.
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Seven strains of the formate-utilizing thermophilic methanogen Methanobacterium thermaoformicicum were
screened for the presence of extrachromosomal DNA. Covalently closed circular plasmid DNA was detected in
three strains, Z-245, FTF and THF, No plasmids were found in strains CB12 and SF-4, nor ia two new isolates,
FF1 and FF3. The plasmid from strain Z-245, designated pFZ1, and that from strain FTF, designated pFZ2, were
approximately 105 kb in size and contained homologons and similarly sized restriction fragments. A physical map
of plasmid pFZ1 was constructed and three Kpnl-fragments comprising the eatire plasmid were cloned in
Escherichia cofi using pUC19, Plasmid pFV1 isolated from strain THF was approximately 14 kb in size and
contained regions with strong homology to pFZ1 DNA, Using the Methanobacterium formicicum fdhA gene as a
hybridization probe the strains of the species M. rhermoformicicum could be classified into two major groups.

Introduction

The concept of the Archae forming on¢ of the three
domains of living organisms (Woese ef al., 1990) has
generated considerable interest in identifving and char-
acterizing archaeal extrachromosomal elements in order
to study gene transfer in and develop transformation
systems for these unique organisms. Furthermore,
detailed knowledge of these extrachromosomal elements
contributes to understanding their evolution and their
possible interaction with the chromosome of their hosts.

The presence of viruses and virus-like particles has
been described in various representatives of the archaeal
domain, including sulphur-dependent, halophilic and
methanogenic species (for reviews, see Brown er al.,
1989; Wood et al., 1989). Several plasmids up to 150 kb
in size have been isolated from halophilic bacteria
(Brown et al., 1989). Some of these appear to be involved
in genome instability (Pfeifer et al., 1981) and carry genes
with known functions (DasSarma er al, 1987). In
contrast, all plasmids isolated so far from methanogens
are cryptic. These include four plasmids derived from
Methanococcus (Wood et al., 1985; Zhao er al., 1988), one
from Methanosarcina acetivorans (Sowers & Gunsalus,
1988), one from Methanolobus vulcani (Thomm et af.,
1983), which also may be a phage (Wilharm ez al., 1986),
and a plasmid from Methanobacterium thermoautotrophi-
cum strain Marburg (Meile ef al., 1983). In this report we
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describe the isolation of plasmid DNA from three strains
of M. thermoformicicum and the characterization of one
of these plasmids, the cryptic plasmid pFZ1 from strain
Z-245. Furthermore, we identify plasmid-free M. thermo-
Jormicicum strains which may be used as recipient strains
in a transformation system.

Methods

Bacterial straies and vectors, Table 1 lists the strains of M.
thermoformicicum wsed in this study. M. formicicion strain MS1 {DSM
3636) was kindly provided by G. D. Vogels (Department of
Microbiology, University of Nijmegen, The Netherlands). M. wolfei
{DSM 2970) and M. thermoautotrophicum sirains Marburg (DSM 2133)
and AH (DSM 1153} were from the German Collection of Micro-
organisms, Braunschweig, FRG. Escherichiz coli strain DH5x and
plasmid pUCI19 (Yanisch-Perron er al., 1985) were obtained from Life
Technologies.

Growth diti M. formici M. thermof and M.
thermoautotrophicum were grown on minimal medium centaining, per
litre (J. P. Touzel, personal communication): KH,PO,, 0-3 g; NH,Cl,
10g; NaCl, 06g; MpCl,.6H,0, 01g; CaCl,.2H,0, 006g;
NaHCQ,, 4-0 g; trace element solution, 10 ml [prepared according to
Touzel & Albagnac {1983), except that 005 g AICL; . 6H,O 17! was
added]. For cultivation in serum bottles 0-5 g cysteine hydrochloride I-'
was added. The pH of the mediom was adjusted to 7-2. For growth of
M. wolfei, the medium was supplemented with 26 mg Na, WO, . 2H,0
1! {(Winter er al., 1984). After autoclaving under N,/CO; (411, v/v) the
headspace was flushed with 300 kPa H,/CO, (4:1) sud 053
Na,§.9H,0 1-' was added. Except for M. formicicums, all methato-
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Table 1. M. thermojormicicum strains screened for the
presence of piasmid DNA

Plasmid DNA
Strain (size in kb) Source™

2-245 (DSM 3720) pFZI1 (10-5) DSM*

FTF (DSM 3012) pFZ2 (10-5) DSM

THF (DSM 3848) pFV1 (14) DSM

CBI12 (DSM 3664} - DSM

SF-4 - K. Yamamoto, Qsaka
City University,
Japan

FF1L - This work

FF3 - This work

* DSM, German Collection of Microorganisms, Braunschweig,
FRG.

genic strains were cultivated according to Schdnheit ef af. (1980)in 0-8 1
and 101} fermenters containing 0-51 and 8 | of medium, respectively.
For growth in fi ters Na,5 was replaced by 0-62 g thiosulphate I-*
and 0-5g cysteine I-' {J. Korteland, personal communication). In
addition 10 pg streptomycin ml~' was added. Prior to entering the
vessel, the gas mixtore was led through the gas phase of a closed bottle
filled with 100 ml Na,S (0-1 g 1) serving as a reducing apent. The
cultivation temperature was 37 °C for M. formicicum, 55°C for M.
thermoformicicum strains Z-245, FTF, CB12, SF-4, FF1 and FF3, and
65 °C for M. thermoformicicum strain THF, M. thermoautotrophictm
strains Marcburg and AH and M. wolfei. E. cofi strain DH5a was grown
in L-broth and handled as described by Maniatis ef al. (1982).

Isolation of DNA. Pelleted cells were resuspended in TE buffer
{10 mM-Tris{HCL, pH 8-0, 1 mM-EDTA) at a concentration of 1 g wet
weight in 5 ml buffer. After addition of SDS 1o a final concentration of
0-5%, proteinase K (0-1 mg ml~!; Boehringer Mannheim) and about a
one-third volume equivalent of glass beads (0-3 mm), the suspension
was incubated for 1 k at 56 °C. Aler cooling on ice the suspension was
vigorously shaken for £5 s on & Vortex mixer and then kept on ice for
15 5. This shaking/coaling procedure was repeated 5-10 titnes until the
cell suspension became viscous. Subsequently, the suspension was
thoroughly deproteinizéd by several phenol/chloroform extractions
followed by an extraction with chloroform. Finally, the nucleic acids
were precipitated with ethanol and dissolved in TE buffer. In some
cases, plasmid DNA was isolated by CsCl/ethidium bromide density-
pradient centrifugation (Maniatis er of., 1982).

For copy-number determination of plasmid pFZ1, total DNA was
isolated from lysed protoplasts of M. thermaformicicum strain Z-245 10
avoid possible nicking. For this purpose lale-cxponential phase cells,
grown in serum bottles as described above, were harvested and
incubated anacrobically with an auvtolysate of A, wolfer until
protoplasts were formed, essentially as described by Mountfort et o/,
(1986). These pratoplasts were washed with phasphate/sucrose buffer
(Mountfort ef ol., 1986} and resuspended in ice-cold TE buffer to lyse
the protoplasts. The DNA was further purified as described above.

Isolation of formate-utilizing, thermophilic methanogens. Samples were
taken from a thermophitic (55 °C) upflow anaerobic sludge-bed reactor
{Department of Environmental Engineering, University of Wagenin-
gen, The Netherlands} and inoculated inte serum bottles containing
20 ml of a selective medium for formate-utilizing methanogens. This
consisted of minimal medium as described above with the addition of
50 mM-sodium formate, 50 mu-Tris/HC], pH 73, 001 g yeast ex-
tract I"' and 10 ml vitamin soluticn I [prepared according to Balch et
ai. (1979}, except that lipoic acid was omitted). The cultures were
incubated anaerobically at 55°C under an N,/CO. atmosphere
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(200 kPa overp ). When the cul became turbid, samples
wers plated on selective medium supplemented with 0462 g thio-
sulphate 1-1 and 0-5 g cysteine |-! instead of Na,5 and solidified with
0:8% Gelrite (Roth), followed by incubation at 53 °C under an N,/CO,
atmosphere. Colonies became visible after about 1 week and were
transferred anaerobically into serum boitles containing selective
medium followed by incubation at 55 °C. After growth had developed
the cultures were inspected microscopically and methane production
was determined with a Becker pas-chromatograph model 417 with a
TCD detector. The plating and inoculation procedures were repeated
twice for methane-producing cultures.

DNA ipulations. Cl 1 and plasmid DNA were digested
with endonucleases obtained from Life Technologies. For cloning into
E. coli(Maniatis et a/., 1982}, DNA fragmentsof both vector and insert
DNA were isolated from agarose gels using a Geneclean kit as
described by the supplier (Bio 101). Transfer of DNA from agarose gels
to GeneScreen Plus membranes (NEN-Du Pent) was carried out using
a capillacy blot procedure as described by the supplier. The DNA prabe
was produced by labelling DNA by nick-translation {Maniatis erf of.,
1982) with [w??PATP (Amersham). If mixed probes were used, equal
amounts of DNA [ragments were labelled.

Results

Isolation of plasmid DNA and characterization of plasmid
pFZl

Bacteria belonging to the species Methanobacterium have
a rigid cell wall, with pseudomurein as the primary
component, which is resistant to methods commonly
used for lysis of bacterial cells. Therefore, we disrupted
the cells by mechanical force using glass beads as has
previously been described for the successful disruption of
fungal spores (Yan Etten & Freer, 1978). Both chromoso-
mal and plasmid DNA from M. thermoautotrophicum
strain Marburg (Meile et al., 1983) could be isolated
efficiently, which made the method suitable for the rapid
screening of methanogens for the presence of plasmid
DNA.

Using this procedure, we detected extrachromosomal
DNA in M. thermoformicicum strain Z-245 (Fig. 1a, lane
3). To investigate the identity of this DNA, total DNA
from strain Z-245 was subjected to CsCl/ethidium
bromide density-gradient centrifugation and the cova-
lently closed circular (¢cc)-fraction, consisting of super-
coiled plasmid, was isolated. Except for some residual
chromosomal DNA, the DNA of the ccc-fraction
comigrated upon agarose gel electrophoresis with the
extrachromosomal DNA band found in the total DNA
(Fig. la, lanes 3 and 4).

Comparison with supercoiled DN A markers indicated
that the plasmid, which was designated pFZ1, had a size
of approximately 10-5kb. A physical map of pFZ1
containing 31 restriction sites was constructed (Fig. 2).
Digestion of pFZ1 with Xpni resulted in the formation of
three DNA fragments of 21, 3-7 and 47 kb, fragments I,
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Fig. 1. Agarose gel clecncophotesis (o) and Southern hybridization (4) of plasmid pFZI DINA purified by CsClethidium bromide
density-gradient centrifugation from M. rhermaformicicum steain Z-245. Lanes | and 10, HindII1-digested phage 4 DNA; lane 2,
supercoiled size marker (with sizes from top 1o bottom of 16:2,14:2, 121, 10-1, 8-1, 7-0, 60, 5:0, 4-0, 3-0 and 20 kb) {Life Technologies),
lane 3, total undigested DNA of strain Z-245; lanes 4, 6 and 8, coc plasmid DN A fraction, undigested, and digested by BamHI and Kpnl,
respectively; lanes 5, 7 and 9, oc [Taction, undigested, and digested with BamHI and Kpnl, respectively. The autoradiograph () is of the
corresponding Southern blot hybridized under stringent conditions with equal amouats of Kpnl fragments !, 11 and TH of plasmid pFZ1
labelled by mick-translation. The position of linear IINA size markers (in kb) is shown on the left.

Yol

Fig. 2. Restriction map of plasmid pFZ1. The three subcloned Kpnl
fragments [, [1 and II{ that were cloned using pUCI? are indicated in
the inner circle. Sizes are given in kb.
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IT and III respectively (Fig. 2). All three Kpnl fragments
were cloned in £. coli using pUC19 and used as probe in
subsequent hybridization experiments. DNA purified
from strain Z-245 by CsCl/jethidium bromide density-
gradient centrifugation was digested with BemHI and
Kpnl, separated by agarose gel ¢lectrophoresis, bilotted
and hybridized to labelled pFZ1 fragments (Fig. 15,
lanes 6-9). Only the expected fragments of plasmid DNA
present in the total DNA showed hybridization, indicat-
ing that no sequences homologous to plasmid pFZ!1 are
present in the chromosomal DNA of strain Z-245 (see
also Fig. 3). Furthermore, using pFZ1 DNA as probe, no
pFZ1 DNA could be detected in the supernatant of a
culture of strain Z-245 with methods commonly used for
the isolation of bacteriophage DNA (Maniatis et al.,
1982; Wood er al., 1989).

We also detected plasmid DNA in M. thermoformici-
cum strains FTF and THF ; these plasmids were designat-
ed pFZ2 and pFVI, respectively {Table 1). Plasmid
pFZ2 was similar in size to plasmid pFZ1 (10-5 kb, see
below). In contrast, plasmid pFV] was larger than
plasmid pFZ1, with a size of approximately 14 kb as
revealed by comparison of ccc-DNA from plasmid pFV1
isotated by CsCl centrifugation with supercoiled DNA




J. Nolling, M. Frijlink and W. M. de Vos

Fig. 3. Southern hybridization of total DNA from M. rhermoformicicum strains Z-245, FTF and THF with labelled pFZ1 DNA. Total
DNA (about 1-5 pg each) of strains Z-245 (lanes 2 and 6), FTF (lanes 3 and 7) and THF (lanes 4 and 8} was digested with Xhol (panels a,
b and ¢) and HindI11 (panel 4) and separated by agarose gel slecirophoresis. Blots wers hiybridized under stringent conditions to equal
amaounts of Kpni fragments I (4), I1(¥) and 111 {c), and to all three fragments (), labelied by nick-translation. Lanes 1°, 1" and 17 contain
purified Kpnl fragments I, I1 and IT1 of plasmid pFZ1, respectively, used as the probe; lane 5 contains all three Xpnl fragmenis. The

position of finear DNA size markers (in kb) is shown on the left.

markers separated by agarose gel electrophoresis (data
not shown). No extrachromosomal DN A was detected in
M. thermoformicicum strains CB12 and SF-4 or in the
new isolates, strains FF1 and FF3.

Determination of the copy-number of plasmid pFZ!

To determine the copy-number of plasmid pFZ] several
dilutions of total DNA isolated from strain Z-245 were
analysed by agarose gel electrophoresis. By comparing
the intensity of plasmid and chromosomal DNA bands
we found that the intensity of the ccc-plasmid band in the
undiluted fraction was comparable with that of the
chromosomal DNA band in the fraction diluted 40
times. Assuming that the size of the chromosomal DNA
of M. thermojormicicum strain Z-245 is equivalent to that
of M. thermoautotrophicurmm  strain  Marburg
(1-2 x 10° Da) (Brandis e al., 1981), this indicates that
strain Z-245 contains at least four copies of pFZ1 per
chromosome.

5

Sequence homologies between plasmid pFZ I and DNA
Jrom ather methanogens

None of the labelled Kpnl-fragments of pFZ1 (Fig. 2)
hybridized to totat DNA of M. thermoautotrophicum
strains Marburg and AH, M. formicicum strain MSI1 or
M. thermoformicicum strains CB12 and SF-4 and the new
isolates FF1 and FF3 (data not shown). In contrast,
hybridization of these pFZ1 DNA fragments was
observed to total DNA isolated from strains FTF and
THF. Subsequent experiments using undigested and
digested DNA of both these strains showed that this was
due to homology of pFZ1 DNA with the plasmid DNA
of strains FTF and THF (data not shown).

To determine the degree of homology between the
plasmids, total DNA isolated from M. thermaformicicum
strains Z-245, FTF and THF was digested with Xhol and
HindIll, separated by agarose gel electrophoresis, blot-
ted and hybridized o the individually labelled Kpnl
fragments I, IT and I1I of pFZ1 (Fig. 2). The results (Fig.
3) indicate that (i} the hybridizing fragments of DNA
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Fig. 4. Southern hybridization of total DNA of M. thermaformicicum
with the M. formicicun fdkA gene. Total DNA (about 1-5 ps each) of
strains Z-245 (lane 1), FTF (lane 2), THF (lane 3}, CB12 (lane 4}, SF-4
(lane 5), FF1 (lane 6) and FF3 (lane 7) was digested with BamHI and
separated by agarose gel clectrophoresis. After transfer to a nylom
membrane, the DNA was hybridized under mederately stringemt
conditions with a 2:2 kb Sphl-BamHI fragment containing the jdh4
gene from Af. formicicum strain ¥F-1, labelled by nick-translation
(Shuber et af., 1986; kindly provided by J. G. Ferry, Department of
Anacrobic Microbiology, VPI, Blacksburg, Va., USA). The position of
finear DINA size markers (in kb) is shown on the left.

from strains Z-245 and FTF are of identical size (Fig. 3,
lanes 2, 3, 6 and 7), corresponding with that expected
from pFZ1 (Fig. 2); (ii) a different hybridization pattern
is obtained with DNA from strain THF (Fig. 3, lanes 4
and 8); and (jii) that pFZ1 has no detectable homology
with the chromosomal DNA of all three strains.

To analyse the high similarity of plasmid DNA from
strains M. thermoformicicum Z-245 (pFZ1) and FTF
{pFZ2) in more detail, total DNA from both strains
was digested with restriction enzymes known to have
several recognition sites in plasmid pFZ1 and, after
separation and blotting, the DNA was hybridized to
labelled pFZ1 DNA. Al 31 restriction fragments
derived from digestion of plasmid DNA of both strains
with EcoRI, Pstl, Apal, Rsal, Alul, Haelll and Mspl
were found to have the same size {data not shown).

Plasmids from Methanobacterium thermoformicicum

54

Hybridization of M. thermoformicicum strains to fdhA

As described above M. thermoformicicum strains Z-243,
FTF and THF harbour plasmids that are (partiaily)
homologous whereas other strains lack plasmid DNA.
Using the M. formicicum fdhA gene as a hybridization
probe, the relationship between the M. thermoformicicum
strains was examined. As shown in Fig. 4 M. thermofor-
micicum strains fell into two groups on the basis of
hybridization patterns of total DNA: one group,
designated the Z-245 group, comprised strains Z-245,
FTF and THF (lanes 1, 2 and 3); a second, designated
the CB12 group, included strains CB12 and SF-4 (fanes 4
and 5). Within these two groups the hybridization
patterns were identical except that strain THF showed a
different minor hybridization species (Fig. 4, lane 3).

The fdhA gene was also hybridized to DNA of the new
strains FF1 and FF3. These strains were assigned to M.
thermoformicicum because of their capacity to produce
methane at 55 °C using either H,/CO, or formate as
substrate, and their similar morphology to known M.
thermaformicicum strains. The hybridization results (Fig.
4) show that strains FF] and FF3 seem to be different
from each other since the major hybridization species
has a slightly different mobility in each case (lanes 6 and
7). Both strains, however, show very similar hybridiza-
tion patierns that resemble that of strain Z-245, and
therefore these new strains may be assigned to the Z-245
group (lanes 2, 6 and 7). Interestingly, both strains FF1
and FF3 lack plasmid DNA, in contrast to all other
strains of the Z-245 group (Table 1).

Discussion

The present report describes the identification, isolation
and characterization of extrachromosomal DNA from
the thermophilic, formate-utilizing M. thermoformicicim
strains Z-245, FTF and THF. The extrachromosomal
DNA of strain Z-245 has the characteristics of plasmid
DNA, being isolated in a ccc-form by CsCl/ethidium
bromide density-gradient centrifugation and not detect-
able in the culture supernatant as described for virus-like
particles of Methanoceccus voltae (Wood et al., 1989). In
addition, pFZ] shows no homology with the chromo-
somal DNA of the host strain Z-245 nor with that from
other species of the genus Methanobacterium tested in
this study (Figs | and 3). This is, to our knowledge, the
first report of the presence of plasmid DNA in formate-
utilizing, thermophilic methanogens. Plasmid pFZ] is a
relatively low-copy-number plasmid with a minimal four
copies per chromosome of strain Z-245 and is stably
maintained in its host during several serial transfers in
the laboratory. At present we have not been abie to
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]
assign a specific function to pFZ!, which therefore
remains cryptic, as are all other methanogen plasmids
described so far.

Hybridization experiments revealed that M. thermo-
Jormicicum strains Z-245 and FTF harbour the very
similar, if not identical, 10-5 kb plasmids pFZ] and
pFZ2, respectively. Both plasmids are homologous to
plasmid pFV1 present in strain THF, which is clearly
larger and has a different restriction fragment pattern.
These results indicate that the plasmids of M. thermo-
formicicum share a common ancestor. The presence of
highly similar plasmid DNA has been described for
Methanosarcina acetivorans and two othér marine aceto-
trophic strains, all three of which were isolated from the
same location (Sowers & Gunsalus, 1988), In contrast,
strains Z-245, FTF and THF were isolated from
geographically very different locations (Touzel et al.,
1988; Zhilina et al., 1984; Zinder & Koch, 1984).

Several attempis have been described to determine the
relationship among M. thermoformicicum strains. Yama-
moto of al. (1989) suggested that the strains may be
divided into two groups, based on the cross-reaction of
antibodies raised against strain SF-4 with strain CBI2
and Z-245 but not with strain FTF. In contrasi, DNA-
DNA homology studies (. P. Touzel, personal commun-
ication), indicated that strain FTF is more related to
strains Z-245 and THF than to strain CB12 (strain SF-4
was not tested). Qur abservation that strains Z-245, FTF
and THF harbour {partially) homologous plasmid DNA
and the results based on the hybridization pattecns with
the fdhA4 gene support the classification of strains Z-245,
FTF and THF into one group and strains CBi2 and SF-4
into another group. On the basis of their hybridization
patterns with the fdhA gene the new isolates FFl and
FF3 appear to be related to the Z-245 group. Since they
are plasmid-free, those strains could be good candidates
as recipients for plasmid pFZ1 or derivatives in
transformation studies.

We wish to thank J. P. Touzel for providing strains that were used in
an initial stage of the work described here. In addition, we are grateful
to K. Yamamoto and G, D. Vogels for providimg straims, J, G Ferry for
providing us with the f#h genes and R. Eggen for critical reading of the
MANUSCript.
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ABSTRACT

Nucleotide sequence comparison of the related
13513-bp plasmid pFV1 and the 11014-bp plasmid pFZ1
from the thermophilic archaeon Methanobacteriurm
thermoformicicum THF and 2Z-245, respectively,
revealed a homologous, approximately 8.2 kb
backbone structure that is interrupted by plasmid-
specific elements. Various highly conserved
palindromic structures and an ORF that could code for
a NTP-binding protein were identified within the
backbone structure and may be involved in plasmid
maintenance and replication. Each plasmid contains at
comparable locations a module which specifies
components of different restriction — modification (R/M)
systems. The R/M module of pFV1 contained, in
addition to the genes of the GGCC-recognizing R/M
system MthTi, an ORF which may be involved in repair
of G-T mismatches generated by deamination of m5C
at high temperatures.

INTRODUCTION

Complete nucleotide sequence analysis of genomes may provide
insight into their organization and evolution. In contrast to their
bacterial counterparts, only limited informaticn exists on
extrachromosomal elements from members of the domain
Archaea, a group of prokaryotic organisms that differs
fundamentally from Bacreria (1, 2). Nucleotide sequences of only
a few extrachromosomal elements isolated from these organisms
have been analyzed, including the 15.5-kb genome of the
Sulfolobus shibatae virus SSV1 (3), three small plasmids, pHSB1
(1.7 kb), pHGNL (1.8 kb) and pGRB1 (1.8 kb}, isolated from
extreme halophilic bacteria (4, 5, 6), and the 4.4-kb pME2001
from the methanogen Methanobacterium thermoautotrophicum
strain Marburg (7).

Recently, a family of three related plasmids was identified in
the thermophilic archacon Methanobacterium thermoformicicum
(8) comprising the nearly identical 11-kb pFZ1 and pFZ2,
harbored by strains Z-245 and FTF, respectively, and the closely
related 13.5 kb pFV1 of strain THF. In addition to the high

interplasmid similarity, certain plasmids regions were identified
with homology to chromosomal DNA from different thermophilic
Methanobacterium strains that lack plasmid DNA (9}, The
plasmids may confer a selective advantage to their hosts since
it has been shown that restriction and medification {R/M) systems
were encoded by pFV1 (10) and pFZ1 and pFZ2 (11).

This report describes the complete nucleotide sequences of
pFV1 and pFZ1 and their comparison. Several highly conserved
regions were identified that may be involved in replication and
maintenance of either plasmid. In addition, a putative DNA-repair
enzyme encoded by pFV1 was identified.

MATERIAL AND METHODS
Bacterial strains, plasmids and growth conditions

M. thermoformicicum strains THF and Z-245 were cultivated as
described previously on Hy/CO; as sole carbon and energy
source (8). Escherichia coli stirains DHS5« (Life Technologies
Inc., Gaithersburg, Md.) and TG1 (12) were used for propagation
of plasmids pUC18 or pUC19 and phages M13mpl8 or
M13mp19 (13), respectively, and strain Q359 (14) served as host
for propagation of bacteriophage A GEM-12 (Promega Biotec,
Madison, Wis.), All E.coli strains were grown at 37°C in Luria
broth-based media (15). If appropriate, ampicillin (50 pg/ml),
isopropyl-g-D-thiogalactopyranoside (1 mM), or
5-bromo-4-chloro-3-indolyl-8-D-galactoside (0.004%) was
added.

Chemicals and enzymes

[a-PIdATP (110 TBg/mmol} was obtained from Amersham
International (Amersham, United Kingdom). All enzymes used
for manipulation of nucleic acids were purchased from Life
Technologies, Inc. or Pharmacia LKB Bictechnologies (Uppsala,
Sweden). Oligenucleotides were synthesized with a Biosearch
Cyclone DNA synthesizer (New Brunswick Scientific Corp.) at
the Netherlands Institute for Dairy Research (NIZO) or were
purchased from Pharmacia (Uppsala, Sweden). Other chemicals
were obtained in PA quality from Sigma Chemical Co. (St. Louis,
Mo.), from Boehringer GmbH (Mannheim, FRG) or from Merck
{Darmstadt, FRG).

* To whom corresporndence should be addressed
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DNA isolation and PCR amplification

Total DNA from methanogenic bacteria was isolated as described
previously (8). A pFV1 fragment that spans the single Xhol site
(position 0/13513) was amplified by PCR as described earlier
(16) using total DNA from M. thermoformicicum strain THF and
two oligonucleotides, 5'-CTGTAGTTCAGGATC-3' and
5'-GAGATACTGTTCAACTG-3', complementary to positions
377 to 363 and 12921 w 12937 of plasmid pFV1, respectively.
The amplification product was treated with Kienow DNA
polymerase for 30 min at room temperature in the presence of
all four ANTPs (2 mM each), followed by an incubation for 20
min at 55°C in the presence of proteinase K (0.1 mg/ml) and
sodiumn dodecyl sulfate (0.5%) essentially as described by Crowe
and coworkers (17). Subsequently, the suspension was extracted
with phenol/chloroform, the DNA was precipitated with ethanol,
and dissolved in TE buffer (10 mM Tris/HCI pH 8.0, 1 mM
EDTA). After digestion of the amplified DNA with Hindll and
Pstl, the 0.4-kb fragment that contained the Xhol-site was
recovered from agarose gels using the Geneclean kit (Bio 101,
La Jolla, Calif.) and cloned intc M13mpl9.

DNA manipulations and sequence analysis

DNA manipulations were performed essentialty as described by
Sambrook and coworkers (15). For the determination of the
nucleotide sequence, fragments of cloned pFZ1 (8) and pFV1
DNA (see below) were isolated frem agarose gels and subcloned
into M13mpl8/19 vectors. Sequence reactions with vector- or
insert specific primers were carried out by the dideoxy chain
termination method (18) using either reagents from the Sequenase
kit (United States Biochemical Corp., Cleveland, Ohio) according
to the recommendations of the manufacturer or reagents for Tag-
polymerase sequencing (19). The nucleotide sequence of plasmid
pFV1 was determined on both strands apart from two small
regions (positions 876— 1182 and 2392 —2786) that could not be
sequenced in both directions due to 2 premature termnination under
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Figure 1. Comparison of the genetic organization of Xhol-linearized pFV1 and
PFZ1 from M.thermoformicicum THF and Z-245, tespectively. The degree of
interplasmid homology is indicated by shading of the maps: the darkly shaded
regions show high sequence similarity whereas the white regions A through F
represent plasmid-specific sequences. Each ORF listed in Table 1 is shown by
a line with an arrowhead indicating its direction. The positions of regions that
contain direct (DR} or inverted (IR) repeats are indicated. Dotted lines show
positions of fragment insertions. FR-1 and FR-11 represent regions with homology
0 chromosomal DNA from several thermophilic strains of the genus
Methanobacterium.
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all conditions. For plasmid pFZ1 the nucleotide sequence of
overlapping fragments was determined on one strand and for 40%
on both strands. Computer analysis of sequence data was done
with the University of Wisconsin Genetics Computer Group
package version 6.0 (20) and the CAQS/CAMM facilities at
Nijmegen, The Netherlands.

RESULTS AND DISCUSSION
Cloning of plasmid pFV1

In a previous report we have shown that M.thermoformicicum
strain THF harbors the low copy number plasmid pFV1 (8). To
be able to analyze this plasmid in detail, covalently closed circular
plasmid pFv1 DNA (8) was linearized with Xhol and ligated
to Xhol-digested » GEM-12. The ligation mix was packaged in
vitro {15) and used to infect E. coli Q359. A 2.3-kb Kpnl-fragment
of plasmid pFZ1 that strongly hybridized to plasmid pFV1 (8),
was labelled by nick-translation and used as probe to screen the
recombinant phages. A strongly hybridizing recombinant phage,
designated X GFV1, was identified and, after plaque purification,
phage DNA was prepared {15). The integrity of the pFV1 insent
of M GFV1 was verified by restriction analysis and hybridization
experiments {data not shown). Purified A GFV1 DNA was used
as source of pFV1 DNA in subsequent experiments.

Nucleotide sequence of plasmid pFV1 and pFZ1 and their
comparison

The complete nucleotide sequences of the plasmids pFV1 (EMBL
accession number X68366) and pFZ1 (EMBL accession number
X68367) from M.thermoformicicum strains THF and Z-245,
respectively, were determined. The single Xhol-site of each
plasmids was taken as position 1. Since plasmid pFV! was
originally cloned as a Xhol fragment (see above), the uniqueness
of this restriction site was confirmed by sequence analysis of a
PCR amplified DNA fragment of pFV 1 that overlaps the Xhol-
site. Plasmid pFV1 had a size of 13513 bp and a calculated GC
content of 41 8% which is significantly lower than that of its host
strain THF (49.6%) (21).

The pFZ1 genome was 11014 bp in length. Alignment of the
nucleotide sequences of plasmid pFZ1 and pFV1, schematically
shown in Figure 1, revealed a high degree of similarity,
confirming previous hybridization experiments (8). and a
comparable sequence organization.

Several regions of considerable similarity were identified which
are interrupted by plasmid-specific sequences. The homologous
sequence blocks, the majority of which shares more than 91%
identical nucleotides, add up to approximately 8.2 kb and
constitute the backbone structure of both plasmids (Figure 1).
As a consequence, these regions have comparable coding
capacities and may specify proteing with more than 84% identical
amino acids (Table 1).

Two plasmid regions, designated FR-I and FR-II {Figure 1),
were found to have homologous counterparts in the chromosomal
DNA of several thermophilic M.thermoformicicum strains that
lack plasmid DNA (9). FR-I resembles an insertion sequence (9)
and is specific for plasmid pFV1 (see below), whereas FR-II is
part of both plasmids. FR-1I of pFV1, however, contains a direct
repeat of two identical 524-bp sequences (DR-I, position 6374
to 7421; Figure 1) that is not found in the corresponding region
of plasmid pFZ1.

The most conspicuous difference between the plasmids pFv1
and pFZ1 is the presence of three unique sequences that could



be identified in each plasmid (element A—F in Figure 1). The
location of twe of those elements, A and D, in regions with high
interplasmid similarity allowed to determine their exact size. The
AT-rich element A (GC content 29.7 %), which corresponds to
FR-I {Figure 1), is located on plasmid pFV [ (position 2852 to
4352) and comprises 1501 bp. Element D is a 569-bp insertion
of plasmid pFZ] (position 917 te 1485; Figure 1) and contains
open reading frame (ORF) 11 (Figure 1). Four other unique
sequences, B and C of plasmid pFV1 and E and F of plasmid
pFZ1, are located at similar positions relative to the plasmid
backboite and flank a region of approximately 0.5 kb that exhibits
only relatively low interplasmid similarity (69%; Figure 1). The
two large plasmid-specific elements C and E of pFV1 and pFZ1,
respectively, code for components of recently characterized R/M
systems: the GGCC-recognizing MhTI system of plasmid pFv1
comprising the methyltransferase (MTase) gene mehTiM and the
endonuclease (ENase) gene muhTIR (10), and the CTAG-
recognizing system MthZl of plasmid pFZ1 encoded by the
MTase gene sehZIM and ORF X which may code for the
corresponding ENase (11} (Figure 1). Moreover, two additional
ORFs, ORF9 and 10, are located on the unique pFV1-fragmeat
C in close proximity to the genes of the MikTI system, one of
which, ORF10, may encode & protein with considerable similarity
to enzymes involved in DNA mismatch repair (see below).

Repeated sequences of plasmid pFV1 and pFZL

The close relationship of pFV1 and pFZ1 (Figure 1} implies a
similar replication mechanism for both replicons that should be
specified by the conserved backbone structures. Since repeated
sequences are known to be involved in the replication of bacterial
plasmids (for reviews: 22, 23), we searched in the nucleotide
sequence of pFV1 and pFZI for regions that contain direct (DR}
or inverted repeats (IR).

Apart from DR-I of plasmic pFV1 described above, a region
with several DRs was identified in the backbone structure of both
plasmids {Figures 1). This 490-bp segment of plasmid pFV1 {DR-
II; position 12681 to 13170) contains three perfect 51-bp and two
nearly perfect 33-bp repeats. Comparison with the corresponding
region of plasmid pFZI (DR-II', position 10265 to 10671)
showed, however, only limited similarity, and only the twe 33-bp
repeats were found to be almost completely conserved.

Inspection of the pFV{ and pFZ! nucleotide sequences revealed
two IRs, IR-I and IR-II, that are contained within highly

Tahle . Comparison of (putative) genes located on plasmids pFV1 and pFZL
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conserved, non-coding regions of both plasmids (Figure 1). Both
IR-I and IR-II exhibit a high GC-content of 52% GC and 62%
GC, respectively, and bave the capacity to form secondary
structures. In IR-I (position 1102 to 1419 in pFV1; Figures 1
and 2), four potential hairpin structures (IR I-IR4, Figure 2} could
be identified. Remarkably, the hairpin loops formed by TR1 and
IR4 contain a partially overlapping pentamer with the sequence
5'-TCGCT which is repeated four times in the loop of IR1 and
five times in the loop of IR4 (Figure 2).

The second region with palindromic sequences, IR-I1, is located
approximately 1 kb downstream of IR-I (ranging from position
2392 to 2593 in plasmid pFV1) and contains two palindromic
sequences, IRS and IR6 (Figure 2). Analogous to IR, two
partially everlapping repeats of the pentamer TCGCT are present
in both the hairpin loop and the stem/interior loop of [R6, whereas
perfect repeats of this pentamer are also found in the region
between IR3 and IR6 (Figures 1 and 2).

Both IR-I and IR-II represent one of the most conserved
plasmid regions in pFV 1 and pFZ.1 that differ at only 11 positions
out of 520 nucleotides (Figure 2). This high conservation of the
IR-regions may indicate an essential function in plasmid
mazintenance or replication functions. Interestingly, in plasmids
that replicate by a rolling circle mechanism via a single-stranded
intermediate, {imperfect) palindromic structures are part of the
so-called plus and minus origin, the former of which is used for
initiation of replication by a plasmid-encoded Rep protein (22).
Moreover, the hairpin loops of the minus origins were found to
share the consensus sequence 5'-TAGCGT (24). This sequence
resembles the complementary sequence of the repeated pentamer
5*-TCGLCT which has been observed in hairpin loops of IR-I and
IR-II of both plasmids pFV1 and pFZ1. However, we neither
could detect single-stranded pFV1- or pFZ1 DNA in
hybridization experiments (data not shown) nor found similarity
of any of the plasmid-backbone encoded proteins with conserved
sequence motifs of rolling circle replication initiator proteins (25).
Therefore, the involvement of the IR-regions in replication
remains to be confirmed.

Coding capacity and putative genes of plasmid pFVv1 and
pFZ1

Analysis of the nucleotide sequences of plasmid pFV1 and pFZ1
for coding regions revealed 13 and 12 ORFs, respectively, that
could code for polypeptides composed of more than 100 amino

plasmid pFV1 plasmid pFZ1
Gene Gene %

Amino Stan DNA Amino Start DNA Idenrity

acids codon sequence acids codon sequence
ORF1 364 ATG 13304 - 882 ORFI’ 364 ATG 10805—3882 99
ORF2 284 ATG 15112362 ORF2' 284 ATG 2101-2952 85
ORF3 197 ATG 4438 5028 ORF3’ 217 ATG 34554105 98
ORF4 237 ATG 515235862 ORF4' 234 ATG 4225 -4926 91
ORF3a 227 ATG 62296909 ORFS' 499 ATG 5295—6791 T2
ORF5b 451 GTG 69128264 ORF5’ 499 ATG 52956791 84
ORF6 122 ATG 8354 —8719 ORF§’ 122 ATG 6854 —7259 98
ORF7 145 ATG 9186 —9620 CRF?’ 80 ATG 96479886 71
ORF8 361 ATG #22--13253 ORF8' 361 ATG 82210754 a8
ORF9 146 ATG 10733-10206  ORFIl 148 ATG 1093 -1536 -
ORF10 221 TG 103009638 ORFI12 17 GTG 948G — 10239 -
mthTIR 281 ATG 1082711569  OREX 202 GTG 75398144 -
mthTiM 330 ATG L1669 - 12658  mathZiM 358 ATG 9203 -8139 -
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acids (Figure 1; Table 1). Except for ORF8 of pFV1 and the
homologous ORF8’ of pFZ1, all ORFs located in the backbone
structure have the same orientation. Each plasmid specifies
components of different R/M systems {10, 11) which are encoded
by genes located on the plasmid specific elements C (pFV1) and
E (pFZ1) (Figure 1). The deduced amino acid sequences of the
other ORFs of pFV1 and pFZ1, listed in Table I, were analyzed
for stmilarity with sequences present in the SwissProt data base
(release 22.0).

The homology search showed that ORF1 of plasmid pFV1 and
its counterpart ORF1’ of plasmid pFZ1 contain a stretch of amino
acids with similarity to the purine nucleotide binding site of ATP-
or GTP-utilizing proteins (Table 2). This NTP-binding site is
formed by a characteristic amino acid motif (NTP-motif)
composed of two elements A and B (26, 27) and—analogous to
several NTP-binding enzymes involved in DNA-metabolism
(27 —30)—is located within the N-terminal part of the ORF1 and
ORF!’ proteins (Table 2). Together with the high conservation

Table 2. Aligoment of the NTP-motif containing domain of ORFI with NTP-
binding proteins invoived in DNA metabolism. Identical or similar residues are

boexed.

Protein Sagquence A Saguunce B Referenca
Rrech 165 sv|1|s|c|cp|G|T TTVARL -19-  V|L|V|VDE|ASKID (20)
Uy 4 LLIVIL|A|Gx s RVLVHR =171~ NI L|VOR|Frguwin (39)
Ruvb L) L rlGlep L TLANIV =33- V|L|P|IDE| IKRLS (39)
CRF1 L:] LL| I |V G|PP 5 VTTKYY -%4- I|I|V|NDE[IDKTL this study
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of the deduced ORF1 and ORF1’ proteins (>99% identical
residues; Table 1), the presence and location of this NTP-binding
motif strongly suggests that both proteins are involved in the
replication of pFV1 and pFZ1. Transcription and translation of
ORF1 and ORF1’ may be initiated at sequence motifs that were
found preceding the coding regions. A sequence stretch with
similarity to a typical archaeal promoter signal (31, 32) was
identified ranging from position 13228 to 13258 in pFV1 and
from position 10729 to 10759 in pFZ1. The first translation
initiation codon (ATG) is preceded by a sequence with similarity
to 4 consensus methanogenic ribosome binding site (33), ranging
from position 13294 to 13300 in pFV1 and from position 10795
to 10801 in pFZI. However, no sequences resembling the
consensus archaeal terminator signal (33) have been recognized
downstream of ORF1 and ORF1’.

Within the pFV1-specific DNA element C which contains the
genes for the MthTI R/M system, two other ORFs, designated
ORFY and ORF10, were identified that could code for proteins
of 146 and 221 amino acids, respectively (Figure 1; Table 1).
A database search revealed that the protein deduced from ORFI1{)
shares significant sequence similarity with two E.coli proteins,
MutY and endonuclease Il (52.4% and 50.0% similarity and
28.8% and 28.4% identity), respectively, which are known to
be involved in DNA mismatch repair. MutY and endenuclease
I, composed of 350 (34) and 211 amino acids (35), respectively,
both possess N-glycosylase activity as well as apurinic/
apyrimidinic (AP) endonuclease activity (36 —39). They differ,
however, in their substrate specificity. While MutY is involved
in the correction of A/G (35), A/C (37) and A/B-oxoG

ORF10 LDDBNK KVFVST FUlf.DIﬂﬂDF!HTID v IEII LI &8
Endol [ HIKAL....E RLRENNPHUPTTELMNFSSBIPIFEL A\'Ll 43
L7144 NQEI ...... SAQYV DHTD[‘EBKYLE!IDKT KVULSBVI ﬂﬂ L:
ORF10 AGH [YBFHKYKEFEEI K'IHK!IAKI‘IBE HLIL UKELE 99
Endal )1 DY SiV[NIRKIA T AIKILYP VAN[TIPAANLELGYEGBIVIKTY T $K 1jkjre s
HutY vazl IPYFERIFIRARFP UTBLAHAHLDLHLHTEL Y{¥i. & R HEAE] 93
RE1G :\‘llﬂDVGGI R N[R[K|A[I L DL P &Y BIK Y]F|C &) LEH KAANVDAE}FVI 149
Endof )1 E[1 L LEQHIN|GIE DAmLEALPEVEIK N ¥ NT MPTIANVDITHIFR[ 143
Hutr :DIE'A!LHEEKF TFEEVAMAMLPGVYGER|S Gla|L SSL HFPILDGEVK! 143
+
ORF10 ;I Y. .FG|GISTENLNYNH[KIA EAE}TL GGKLR LG FS|alI|1 ¢ 19¢
Endolll ¥|C TaFAPEl. KNVED EIKILIL]. + o 0 o K EFKVMH L njclr ¥ T|IC| 187
Muty ll..l CYAVSEHPEKKE@IK. SSEE T VEVEIQAI L|s AL €| V92
* * *
ORF10 EK|ICIGMSK s TEKBT 21
EndoI1l cla s|cjt 1 EDR EHKEKI‘UI F1hl
MutY St|ICIPLANG IAAIHHEU... fal ]

Figure 3. Amino acid sequence alignment of the putative ORF10 protein of pFV1 with endoniclease IIT and MutY of E. cofi. [dentical amino acids are boxed. Dots
represent gaps that have been introduced 10 optimize the alignment, Positions marked with asterisks represent the four highly conserved cysicine residues. Numbers

at the right refer to amino acid residues.
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[

IR

~ R4

Figare 4. Schematic representation of the conserved 8.2 kb backbone structure
obtained from nucleotide sequence alignment of pFV1 and pFZ1. insenions
indicated outside the circle represent pFV 1-specific sequences, those inside are
specific for pFZL (the bar represents a size of | kb).

mismatches (8-0xoG = &-hydroxyguanine) (40), endonuclease
I is active on mismatches generated by certain derivatives of
thymidine and cytosine (38, 39). Alignment of the deduced amino
acid sequences of the ORF10 protein, endonuclease I and MutY
(Figure 3) revealed (i) a highly conserved motif LPGYGR/K)XT
(position 120 to 127 of the ORF10 protein; X =variable amino
acid), and (ii) a stretch of four cysteine residues spaced by an
identical mumber of amino acids (CX CX,CX5C), which is
located at corresponding positions in the three polypeptides. Since
endonuclease III was shown to be an iron-sulfur protein (41),
those cysteine residues are believed to be involved in the
[4Fe-4S[** cluster binding (41). It therefore seems to be likely
that MutY, as already suggested by Michaels and coworkers (34),
and the putative ORF10 protein specified by plasmid pFV1 are
iron-sulfur proteins with [4Fe-4SP* clusters. The observed
sequence similarities suggest that the ORF10 protein acts, like
MutY and erdonuciease III, as a DNA repair enzyme that
recoghizes incorrect base pairing.

The presence of such a repair system in the thermophilic
M.thermoformicicum strain THF is plausible since the
pFV1-encoded GGCC-recognizing methyltransferase M. MihTI
generates S-methyleytosine (mC) (10} which is, especially
under thermophilic conditions, subject to deamination (m°C T)
resulting in a G-T mismatch (42). To avoid the probably lethal
effect of multiple transitions, strain THF should contain a
mechanism that either prevents deamination of m°C or is
capable to correct the G-T mismatches. The pFV1-encoded
ORF10 protein is a good candidate to act as a G-T mismatch
repair enzyme in M. thermaformicicum THF. Moreover, the close
proximity of ORF10 and the MfHT1 system would support a
functional relation of the endenuclease, the methyltransferase and
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the putative DNA mismatch repair enzyme. Such a clustering
may also facilitate the simultaneous transfer of these genes
between cells and ensures the coordinate activity of the encoded
enzymes in the recipient which probably is necessary for its
survival. Interestingly, a similar genetic linkage has been found
for the functionally related methyltransferase and DNA mismatch
repair enzyme in the dem-vsr system of E.coli (42).

It seems paradoxical that M. thermoformicicum THF maintains
a non-chromosomally encoded R/M system with a m3C-
producing MTase activity and, as a consequence, a DNA
mismatch repair enzyme. A possible explanation is that, under
thermophilic conditions, a combination of the enzymes specified
by the GGCC-recognizing M TI R/M system and ORF10 may
serve as a protection mechanism against infection by phages that
exhibit the same methylation pattern as produced by the MTase
M.MhTI, i.e. GG™CC. Such phages may have escaped the
restriction barrier of strain THF or have acquired a pretecting
MTase gene. Since their methylated DNA is resistant against
digestion by the host-encoded ENase, such phages normally
waould be able to infect the entire population, However, as a result
of clevated deamination of m’C at high temperatures without
mispair correction, the genome of those phage particles
accumulate, in contrast to the host genome, partially and fully
deaminated GG™CC-sites the latter of which would result in
two juxtaposed G-T mismatches per site. One may envisage
several scenarios once this phage DNA has entered the host cell.
Firstly, the ORF10 protein could be unable to initiate mispair
correction at juxtaposed G-T mismatches which may decrease
the infectivity of the damaged phage DNA. The second scenario
is based on the observation that the medHLS-dependent mismatch
repair systems of certain £.cofi mutants produce double-strand
breaks due to initiation of mismatch correction along with an
endonucleclytic attack on either DNA strand (44, 45). Double-
strand breaks in the deaminated phage DNA may be generated
during initiation of mismatch correction by the putative ORFI10
protein which-—analegous to MutY and endonuclease 11 —may
act as N-glycosylase and AP-endonuclease on the opposite strands
of the juxtaposed G-T mismatch base pairs. This would generate
a double-stranded break 3° from the GG-dinuclectide of the
GGCC site resulting in a similar effect as restriction of the
unmethylated phage DNA by the ENase of the R/M system
MiATL

CONCLUSION

Sequence analysis of the plasmids pF¥! and pFZ1 from the
archaeon M. thermoformicicum strain THF and Z-245,
respectively, has confirmed their close relationship. Both plasmids
display a modular genome organization and consist of a highly
conserved, approximately 8.2 kb backbone which is interspersed
with plasmid-specific, accessory elements of variable size and
function (Figure 4).

The high sequence similarity and comparable genetic maps of
the plasmids pFV1 and pFZ1 indicate either the presence of a
common ancestor or that one of the plasmids originated from
the other. In either case, accessory elements have been acquired
or lost.

The conserved backbone structure is expected to specify
function necessary for plasmid replication and maintenance.
These essential plasmid functions may include two regions, IR-I
and IR-II (Figures 2 and 4}, with the capacity to form highly
conserved secondary structures, and, in clese proximity to those



IR-regions, ORF1 that could encode a pratein with NTP-binding
activity (Figure |, Table 2).

While the nature of the smalier elements specific for pFV1
and pFZ1 remains unknown, element A of plasmid pFV 1, which
corresponds to FR-1, has various features of an insertion sequence
(9). In addition, each plasmid contains, analogous to the functional
madules observed for lambdoid phages (46), at comparable
locations an element which specifies components of a R/M system
recognizing either the sequence GGCC (pFV1) (10} or CTAG
(pFZ1} (I1). Within the R/M module of plasmid pFVi, two
additional ORFs were identified, one of which, ORF10, may code
for a DNA-repair enzyme that is functionally related to the
GGCC-recognizing R/M genes.

REFERENCES

l. Woese, C.R., Kandler, Q. and Wheelis, M.L. {1990) Proc. Natl. Acad.
Sci. USA 287, 4576-4579.

2. Zillig, W. (1991} Current Opiniun in Genetics and Development 1, 544 - 551.

3. Palm, P., Schleper, C_, Grampp, B.. Yeats, §.. McWilliam, P., Reiter, W.-D.

and Zillig, W. (1991) Virology 185, 242-250.

. Hackest. N.R., and DasSarimu, 5. (1989) Can. J. Microbiol. 35, 86—91.

. Hall, M.J. and Hackent, N.R. (1989) Nucleic Acids Res. 17, 10501.

. Hackett, N.R., Krebs, M.P.. DasSanma, S., Goebel, W., RajBhandary, U.L.

and Khorana, H.G. (1990) Nucleic Acids Res. 18, 3408,

Bokranz, M., Klein, A. and Meile, L. (19%)) Nucleic Acids Res. 18, 363.

Nalling, J., Frijlink, M. and de Vos, W.M. (1991) J. Gen. Microbiol. 137,

1981 —1986.

9. Nalling, J., van Eeden, F.).M., and de Vos, W.M. submitted for publication.
10. Nolling, J. and de Vos, W.M. (1992) ). Bactericl. 174, 5719—-5726.
11. Nélling, J. and de Vos, W.M. (1992) Nucleic Acids Res. 20, 5047—-5052.
12, Gibsen, T.J. {(1983) Ph.D. thesis. University of Cambridge. Cambridge,

Urited Kingdom.

13. Yanisch-Perron, C., Vicira, J. and Messing, J. (1985) Gene 33, 103119,

14. Kam, I., Brenner, §., Barnett, L.. and Cesareni, G. (1980} Proc. Nad. Acad.
Sci. USA 77, 5172,

15. Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY.

16. Nélling, J.. Hahn, D., Ludwig, W., and de Vos, W.M. submitted for
publication.

17. Crowe, J.5.. Cooper, H.L., Smith, M.A., Sims, M.]., Parker, D. and Gewert,
D. (1991) Nucleic Acids Res. 19, 184.

1B, Sanger, F., Nicklen, 8. and Coulson, A.R. {1977) Proc. Natl. Acad. Sci.
USA 74, 5463 —5467.

19. Jonis, M., (1988} Prac. Natt. Acad. Sci. USA 85, 9436 —9440.

20. Devereux, )., Hacberli, P. and Smithies, O. (1984) Nucleic Acids Res. 12,

387-395.

. Touzel, I.P., Conway de Macario, E., Nélling, )., de Vos, W.M., Zhilina,
T.. and Lysenko, A.M. (1992} Int. J. Syst. Bacteriol. 42, 408411,
22. Gruss, A. and Ehrlich, $.D. (1989) Microbiol. Reviews 53, 231 -241.

23. Kies. U. and Swhl 1. (1989 Microbiol. Reviews 53, 491-516,

24. del Solar, G H., Puyet, A. and Espinosa, M. {1987) Nuckic Acids Res.
15, 5561 —5580.

25. llyina, T. and Koonin, E.V. (1992) Nucleic Acids Res. 20, 32793285,

26. Walker, ).E., Saraste, M., Runswick, M.J., and Gay, N.). {1982) EMBO
1. 1, 945--95¢.

27. Hodgman, T.C. (1988) Nalwse (London) 333, 22-23.

28. Finch, P.W., Storgy, A, Brown, K., Hickson, 1.D. and Emmerson, B.T.
{1988) Nucleic Acids Res. 14, 8583 —8594.

29. Finch, P.W. and Emmerson, P.T. (1984) Nucleic Acids Res. 12, 5789—5799.

30. Benson, F.E., dlling, G.T., Sharples, G.J. and Lloyd, R.G. (1988) Nuleic
Acids Res. 16, 1541—1549.

31. Hausner, W., Frey, G. and Thomm, M. (1991) ). Mol. Biol. 222, 495—508.

32. Hain, )., Reiter, W.-D., Hidepehl, U and Zillig, W. (1992) Nucleic Acids
Res. 20, 54235428,

33. Brown, J.W_, Daniels, C.). and Reeve, J.N. (1589 Crit. Rev. Micrabiol.
16, 287-337.

34. Michaels, M.L., Pham, L., Nghiem, Y., Cruz, C. and Miller, J.H. (1990}
Nucleic Acids Res. 18, 3841 —3845.

35. Asahars, H., Wistort, P.M., Bank, J.F., Bakerian, R.H. and Cunningham,
R.P. (1989) Biochemistry 28, 4444 —4d449.

oth B

o =~

2

7.

8.
9.
. Michaels, M L., Cruz, C., Grollman, A.P. and Miller, J.H. (1992) Proc.

4

42.

43.

Nucleic Acids Research, 1992, Vol. 20, No. 24

. Au, K.G., Clark, ., Miller, J.H., and Modrich, P. (1989) Proc. Nail, Acad.

Sci. USA 86, 38773881,

Tsai-Wu, F.-)., Lin, H-F., and Lu, A.-L. (1992) Proc. Natl. Acad. Sci.
USA 89, §779-8783.

Katcher, H.L._ and Wallace, 8.5. (1943) Biochemistry 22, 4071-4081.
Kim, J. and Linn, 8. (1983) Nucleic Acids Res. 16, 1135—-1141.

Natl. Acad. Sci. USA $9, 7022 7025,

. Cunningham, R.P., Asahara, H. and Bank, I.F. (1989) Biochemistry 28,

4450 —4455.

Ehrlich, M., Gama-$Sosa, M A., Carreira, L.H., Ljungdahl, [..G., Kuo, K.C.
and Gehrke, C.W. {1985} Nucleic Acids Res. 13, 1399-1412.

Sohail, A., Lieb, M., Dar, M. and Bhagwat, A.5. {1990} J. Bacteriol. 172,
4214-4221.

. Glickman, B.W. and Radman, M. (1980) Proc. Natl, Acad. Sc¢i. USA 77,

1063 - 1067.

. Wang, T.V. and Smith, K.C. (1986) J. Bacteriol. 168, 1023—1025.
. Susskind, M.M. and Botstein, D. (1978) Microbiol. Rev. 42, 385413,



CHAPTER ¢

Distribution and characterization of plasmid-related sequences in the chromosomal DNA
of different thermophilic Methanobacterium strains

Jork Nolling, Freek J. M. van Eeden and Willem M. de Vos

SUMMARY

The genomes of several thermophilic members of the genus Methanobacterium were analyzed
for homology to the related restriction-modification plasmids pFV1 and pFZl from
M.thermaformicicum strains THF and Z-245, respectively. Two plasmid-located regions,
designated FR-I and FR-II, could be identified with chromosomal counterparts in six
Methanobacterium strains. Multiple copies of the pFV 1-specific element FR-I were detected
in the M.thermoformicicum strains CSM3, FF1, FF3 and M.thermoautotrophicum AH.
Sequence analysis showed that one FR-I element had been integrated in an almost identical
sequence context in the chromosomes of the strains CSM3 and AH. Comparison of the FR-I
elements from these strains with the one from pFV1 revealed that they consisted of two
subfragments, boxI (1118 bp) and boxII (383 bp), with a variable sequential order. Each
subfragment was identical on the sequence level with the corresponding one of either FR-I
element and was flanked by terminal direct repeats with the consensus sequence
A(A/T)ATTT. These results suggest that FR-I represents a mobile element. FR-II was
located on both plasmids pFV1 and pFZ1, and on the chromosome of M. thermoformicicum
strains THF, CSM3 and HN4. Compariscon of the nucleotide sequences of the two plasmid-
located FR-II copies and the one from the chromosome of strain CSM3 showed that the FR-II
segments were approximately 2.5-3.0 kb in size and contained large ORFs that may encode
highty related proteins with a yet unknown function.

INTRODUCTION

Genomic rearrangements and mobilization of genetic material are evolutionary processes of
prokaryotic and eukaryotic cells that for a part are induced by transposable elements, i.e.
insertion sequences (IS) and transposons, due to their ability to move within or between
genomes. These mobile elements are also known to be involved in controlling gene
expression by providing signals that may enhance or suppress transcription of genes. Being
studied in depth within the Bacteria (for reviews see: Berg and Howe 1989; Graig and
Kleckner 1987), mobile elements have also been described in Archeea, a group of
phylogenetically related prokaryotes with distinct biochemical and genetic properties (Woese
et al. 1990; Zillig 1991)

A variety of diverse IS elements have been characterized in halophilic Archaea, one of the
three major archaeal groups, and found to be located on plasmids (DasSarma et al. 1983;
Pfeifer et al. 1983; Ebert et al. 1984), phages {Schnabel et al. 1984) or chromosomal DNA
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(Pfeifer 1986; Hofman et al. 1986). Movement of those transposable elements resulted in a
high frequency of DNA-rearrangements causing genome instability in certain halobacteria
(Pfeifer et al. 1981; Sapienza et al. 1982). In contrast, among the other two archaeal groups,
the sulfur-dependent and the methanogenic organisms, only one IS element, ISM1, was
identified in the chromosome of the mesophilic Methanobrevibacter smithii (Hamilton and
Reeve 1985).

In a previous report we described the isolation of plasmids from several strains of the
thermophilic archacon Methanobacterium thermoformicicum (Nolling et al. 1991). The well-
characterized low copy number plasmid pFZ!l of strain Z-245 was found to be highly
homologous, if not identical to plasmid pFZ2 of strain FTF and partially homologous to
plasmid pFV1 from strain THF indicating a close relationship and a common origin of these
plasmids. Sequence comparison of pFV1 and pFZ1 revealed a modular genome organization
consisting of a highly conserved backbone structure that is interspersed with plasmid-specific
elements (Nolling et al. 1992). Two of these elements specify components of restriction-
modification (R/M) systems, the GGCC-recognizing Mt TI system of pFV1 (Noélling and de
Vos 1992a) and the CTAG-speeific MthZI system carried by pFZ1 (Nolling and de Vos
1992b).

A pFVl-specific element and a region within the conserved backbone structure of both
plasmids were found to have homologous counterparts located on the chromosome of several
thermophilic, plasmid-free strains of the genus Methanobacterium. The analysis of those two
homologous regions, described in the present report, showed that at least one shares some
structural similarities with IS elements identified in Bacterig and other Archaea.

METHODS
Bacterial strains and growth conditions

Strains of the genus Methanobacterium and Escherichia coli, bacteriophages and plasmids
used in this study are listed in Table 1. All methanogenic strains were grown as described
earlier (Nolling et al. 1991). E.coli cultures were cultivated at 37°C in L-broth, if appropriate
in the presence of ampicillin (50 gg/ml), and handled as described by Sambrook et al.
(1989).

DNA techniques and plasmid constructions

DNA from methanogenic bacteria was isolated with the glass-bead method as described by
Nolling et al. (1991). Digestion of chromosomal and plasmid DNA with restriction
endonucleases, cloning of DNA fragments, ligation of DNA, transformation of plasmid DNA
into E.coli, handling of M13 phages and isolation of double and single stranded DNA from
M13 phages was carried out essentially as described by Sambrook et al. (1989). DNA of
both vector and insert DNA was isolated from agarose gels and purified by the Geneclean
procedure (Bio 101, La Jolla, Calif.).

All restriction endonucleases and other DNA-modifying enzymes were obtained from Life
Technologies. Oligonucleotides were synthesized with a Biosearch Cyclone DNA synthesizer
{New Brunswick Scientific Corp.) at the Netherlands Institute for Dairy Research (NIZO).

All recombinant plasmids were constructed in E.coli as described in Table 1. Plasmid
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Table 1. Bacterial strains and plasmids used in this study

Strain or plasmid Property or genotype Source or reference
M.thermoformicicum

THF Harbors plasmid pFV1 (13.5 kb) DSM3848%; (Zinder and Koch, 1984)

Z-245 Harbors plasmid pFZ1 {11.0 kb) DSM 372, (Zhilina and Laionov, 1984)

FTF Harcbors plasmid pFZ2 (11,0 kb) DSM 3012; (Touzel et al., 1988)

FF1, FF3, CSM3, HN4 Plasmid-free (Nilling et al., 1991, 1593)

SF-4 Plasmid-free (Yamamoto et al., 1989)

CBI2 Plasmid-free DSM 3664; (Zhao et al., 1986)
M. thermoautotraphicum

AH Plasmid-free DSM 1053; (Zeikusand Wolfe, 1972)

Marburg Harbors plasmid pME2001 (4.4 kb) DSM 2133; (Fuchs et al., 1978)
E.coli

DH5¢ F lecZAMIS recAl hsdR17 supEd4 A(lacZY A-argF) Life Technologies

TG1 FleraD36 proAB* lneb lacZAM1S5] supE hsdAS A(lac—preAB) (Gibson, 1984)
Plasmids

pUCI8/pUCIY Ap" (Yanisch-Perron et al., 1985)

pUV1 7.4 kb Ssi-Xhol fragment of pFV1 in pUCI19 Ssid-Sall, Apf (Ndlling and de Vos, 1992)

puUVv2 6.1 kb Ssa1-Xhol fragment of pFV1 in pUC19 Ssil-Safi, A (Nolling and de Vos, 1992)

pUVT 1.5 kb Accltblunt end)-Ns#l fragment of pUV1 in pUC19 Epnl(blunt end)-Psel, Apr This study

pUAHI1 4.0 kb EcoRl fragi from M.ther phicum AH i pUC19, ApF This study

pUAH2 1.7 kb Scal-Fsid fragment froms sirain AH in pUCLY Smal-FPsd, Ay This stady

pUCM1 1.4 kb EcoRI fragment from M. thermaformicicum CSM3 in pUCI9, Ap This study

pUCM2 1.2 kb EcoR1 fragment from strain CSM3 in pUCI9, ApF This study

pUCM3 1.6 kb Scal-Psil fragment from strain CSM3 in pUCI8 Smal-Psil, AP This study

pUCM4 1.3 kb EcoR]1 fragment from strain CSMJ in pUCI®, ApF This stady

pUCMS 1.0 kb fragment amplified from totat DNA of strain CSM3 DNA by PCR This study

and cloned inte pUC19 Hindll, Ap®
pUCM6 4.5 kb EcoRI fragment from strain CSM3 in pUCLY, Apf This study

DSM, German Collection of Microorganisms, Braunschweig, FRG.

pUV7 was constructed by cloning a 2.3-kb Nsil-Kpnl fragment of pUV1 into pUC19 digested
with Psfl and Kpnl followed by deletion of a 0.8-kb AccI-Kpnl fragment, filling up the ends
with Klenow polymerase and religation.

PCR amplification

PCR conditions applied for amplification of a chromosomal fragment were essentially as
described earlier (Nolling et al. 1993) using total DNA from M. thermoformicicum CSM3 and
twooligomers, 5>-CATTTTCACATCTCC and '-GTCCTACTGCTTTCAC, complementary
to positions 600 to 586 and 1057 to 1072, respectively, of FR-I¢c from strain CSM3. The
amplified DNA was treated for 30 min at room temperature with Klenow DNA polymerase
in the presence of all four dNTPs (2 mM each), followed by an incubation with proteinase
K (0.1 mg/ml; Boehringer Mannheim, FRG) and sodium dodecy! sulfate {0.5%}) for 20 min
at 55°C essentially as reported by Crowe and coworkers (1991). Subsequently, the suspension
was subjected to several phenol/chloroform extractions and the DNA was precipitated with
ethanot and finally dissolved in TE buffer (Sambrook et al. 1989).
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Southern hybridization

DNA was transferred from agarose gels to GeneScreen Plus nylon membranes (NEN-
DuPont) by the capillary blot procedure (Sambrook et al. 1989). Hybridization and washing
of the filters was carried out according to the membrane manufacturer’s protocol. Labelled
DNA probes were produced by nick-translation (Sambrook et al. 1989) with [a-*P][dATP
(110 TBq/mmol; Amersham). A 1.1-kb EcoRI fragment of the pUV7 insert was used to
probe for sequences homologous to FR-I (Fig. 1). The FR-II-specific prebe consisted of
equal amounts of the 2.1-kb Narl-SsiI fragment of pUV1 and the 1.2-kb SsiI-EcoRI fragment
of pUV2 (Fig. 1).

Xho l

Eco RI

pFV1
13513 bp

Acc |

Figure 1. Physical map of plasmid pFV1 from M.thermoformicicum THF. Coordinates were taken
from Nolling et al. (1993). The regions with homology to the chromosome of other
Methanobacterium strains, FR-I and FR-II, are indicated by open boxes. The fragments of pFV 1 used
as FR-I- and FR-Il-specific probes are marked by a black bar. Only restriction sites relevant for this
study are shown,

Sequence analysis

DNA sequencing was performed by the dideoxy chain termination method (Sanger et al.
1977) with a Sequenase kit (United States Biochemical Corp., Cleveland, Ohio} according
to the manufacturer’s recommendations, using single stranded DNA prepared from
M13mp18/19-based clones (Yanisch-Perron et al. 1985) and vector- and insert-specific
primers. Computer analysis of the sequence data was done with the PC/GENE version 5.01
(Genofit, Geneva, Switzerland) while the GCG package version 6.0 (Devereux et al. 1984)
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was used to screen the GenBank (release 72.0) and the SwissProt (release 23.0) databases
present at the CAOS/CAMM facilities in Nijmegen, The Netherlands.

RESULTS
Sequence homology between plasmid pFV1 and DNA from other methanogens

Total DNA prepared from strains of M.zhermaoformicicum and M.thermoautotrophicum were
screened for the presence of sequences homologous to plasmid pFV1 from
M.thermoformicicum THF. In initial hybridization experiments the SstI-Xhol inserts of
plasmids pUV1 and pUV2 were used as probes (Fig. 1, Table 1). Positive hybridization
signals were found under stringent conditions with total DNA isolated from
M.thermaformicicum strains THF, Z-245, FTF, FF1, FF3, CSM3 and HN4 and with

A B

123456789101112131415 12345678 9101112131415

Figure 2. Southern hybridization of total DNA from thermophilic Methanobacterium strains with
radioactively labelled probes for FR-I (panel A) and FR-II (panel B). Total DNA (about 0.5 pg each)
of M.thermoformicicum strains Z-245 (lanes 1, 4), FTF (lanes 2, 5), THF (lanes 3, 6), HN4 (lane
7), CSM3 (lanes 9, 10, 13), FFI (lanes 11, 14) and FF3 (lanes 12, 15), and M.thermoautotrophicum
AH (lane 8) was digested with Spal (lanes 1-3), EcoRI (lanes 4-9), BamHI-Psd (lanes 10-12) and
Sall-Sphl (lanes 13-15), and fractionated by gel electrophoresis on a 0.7% agarose gel. After transfer
to a nylon membrane the blots were hybridized under stringent conditions with a 1.1-kb EcoRI-Accl
fragment of pFV1 (FR-I-specific probe; panel A) and a 3.3-kb MNarl-EcoRI fragment of pFV1
represented by a 2.1-kb Narl-Ssi fragment of pUV1 and a 1.2-kb Ss/I-EcoRl1 fragment of pUV2 (FR-
Il-specific probe; panel B). Numbers to the left refer to HindlIll fragments of A DNA (in kb) used as
size marker.
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M. thermoautotrophicum AH (Fig. 2), whereas no hybridization was observed with total DNA
isolated from M.rhermoformicicum strains CB12 and SF-4 and M.thermoautotrophicum
Marburg {(not shown). In order to define those homologous regions a series of hybridization
experiments was carried out using subfragments of cloned pFV1 DNA as probe. Two distinct
regions of plasmid pFV1, designated FR-I (fragment I} and FR-II (fragment IT) (see below),
were identified that hybridized with DNA from thermophilic Methanobacterium strains (Fig.
1; Table 2). The FR-I specific probe showed hybridization with DNA from M.thermo-
Sformicicum strains CSM3, FF1 and FF3 and M.thermoawtotrophicum AH (Fig. 2A; Table
2), while the probe specific for FR-II hybridized with DNA from M. thermoformicicum strains
THF, Z-245, FTF, CSM3 and HN4 (Fig. 2B; Table 2).

Table 2. Copy number per chromosome of FR-1 and FR-II, respectively, in different
strains of the genus Methanobacterium

Copy number
Strain
FR-I FR-II
M. thermoformicicum

THF 4-5 (pFV1)! 5-6 (pFV1 and chromosomal DNAY
Z-245 0 4.5 (pFZ1)'
FTF - 0 4-5 (pFZ2y
CSM3 3 1

FF1 3 ¢

FF3 3 o

HN4 0 1

CB12 0 0

SF4 0 0

M. thermoautotrophicum
AH 1? 0
Marburg 0

! estimated on the basis of the plasmid copy number (Nélling et al., 1991).
? minima)] estimation.

Since three of the hybridizing methanogenic strains were known to contain plasmid DNA,
i.e. strains THF, Z-245, and FTF (Nolling et al. 1991), the location of the homologous
counterparts of pFV1 was determined. Comparison of the nucleotide sequences of plasmid
pFV1 from strain THF and pFZ1 from strain Z-245 (Nolling et al. 1992) had shown that
plasmid pFZ1 contained sequences with high similarity to FR-II but not to FR-I (see below).
This was confirmed by hybridization with the FR-II probe that showed the expected hybridi-
zation pattern of pFZ1 fragments with DNA from strain Z-245 (Fig. 2B, lanes 1 and 4).
Since pFZ1 is very similar, if not identical to pFZ2 from strain FTF (Noélling et al. 1991),
the latter plasmid should also contain a FR-II-like sequence. Indeed, DNA from both strains
Z-245 and FTF showed an identical hybridization pattern (Fig. 2B, lanes 1, 2 and 4, 5).
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These results indicate that M.thermoformicicum strains Z-245 and FTF do not harbor
chromosomal sequences related to plasmid pFV 1. Similarly, no chromosomal copies of FR-I
seemed to be present in strain THF since only pFV1-derived restriction fragments showed
hybridization with the FR-I probe (Fig. 2A, lanes 3, 6). In contrast, hybridization of EcoRI-
digested total DNA from strain THF with the FR-II-specific probe revealed, besides the
expected pFV1-derived fragment (major hybridization species in Fig. 2B, lane 6), additional
hybridizing fragments indicating that strain THF harbors chromosomal sequences with
similarity to FR-II. Since strains CSM3 and HN4 lack plasmid DNA (unpublished results},
the fragments hybridizing to the FR-II probe are part of the chromosomal DNA of these
strains. M.thermoautotrophicumi Marburg, the other known plasmid-containing
Methanobacrerium strain (Meile et al. 1983), appeared to lack sequences with similarity to
plasmid pFV1 (Table 2}.

Characterization of plasmid and chromosomal copies of FR-I

The exact size and location of FR-I was determined by comparison of the nucleotide
sequences of pFV1 and pFZL. FR-I on pFV1, designated FR-Ta, has a size of 1501 bp
(ranging from position 2852 to 4352 according to Nolling et al. 1992), contains terminal, 6
bp direct repeats with the palindromic sequence AAATTT and is flanked by sequences of the
conserved backbone structure of both plasmids (Fig. 3 and 4). No sequences with similarity
to FR-Ia could be identified in pFZ1. However, plasmid pFZ1 contains a 6-bp sequence
(AGATTT) at a location (position 3445 to 3450 according to Nolling et al. 1992) that
correspends with that of FR-Ia in pFV1 (Fig. 4). Since this hexamer resembles the terminal
AAATTT repeats of FR-Ia, it may represent a target integration site of FR-I which is
duplicated upon insertion. The AT-content of FR-Ia (70.3%) and its flanking regions (58%)
was clearly dissimilar suggesting that the origin of FR-Ia differs from that of the rest of the
plasmids.

The chromosomal counterparts of FR-I were analyzed in M. thermoautotrophicum AH and
M.thermoformicicum CSM3. Two overlapping fragments of M. thermoautotrophicum AH that
hybridized to the FR-I probe, an approximately 4-kb EcoRI {Fig. 2A) and a 1.7-kb Scal-Psil
fragment (data not shown), were isolated from agarose gel and cloned into EcoRI- and Smal-
PstI-digested pUC19, respectively, to yield pUAHI and pUAH2 (Table 1; Fig. 3). Both
pUAHI and pUAH?2 share a common 1-kb Scal-EcoRI fragment.

The nucleotide sequence of a 2766-bp PsrI fragment included in pUAH1 and pUAH2 was
determined (EMBL accession no. X69112) (Fig. 5). Comparison of this sequence with that
of FR-Ia from plasmid pFV1 revealed that strain AH contains a copy of the FR-I sequence,
termed FR-Ib, integrated into a region that shares no similarity with plasmid pFV1. The FR-I
elements from strains THF and AH showed an identical size but different organization: a
383-bp segment, designated boxIl, appeared to be located at either side of a 1118-bp
segment, designated boxI (Fig. 3 and 5). The distinct organization of the FR-Ia and FR-Ib
elements was confirmed by hybridization experiments using the FR-I-specific probe. As the
result of the boxI-boxIl organization of FR-Ia (Fig. 3), only a single hybridizing EcoRI
fragment, approximately 5.6 kb in size, was generated (Fig. 2A, lane 6). In contrast, since
the FR-Ib element displays a reversed organisation of boxI and boxII (Fig. 3), two
hybridizing fragments of approximately 4.0 and 1.3 kb were produced upon cleavage with
EcoRI (Fig. 2A, lane 8). The sequence of the junction sites of boxI and boxII, AAATTT in
PFV1 and ATATTT in strain AH, were similar to those found at the ends of FR-I from
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FR-c (CSM3)

FR-Ib {C5M3)

FR-Ib [(H)

FR-la (pFV1)

pFZ1t

Figure 3. Organization and similarity of different FR-I elements and flanking regions deduced from
the nucleotide sequences of the indicated clones described in this study and by Noiling et al. (1993a).
Hatched and cross-hatched rectangles in the FR-I elements represent the identical boxI and boxIl
sequences, respectively. Arrows inside boxI and boxIlI indicate their orientation, Sequenced regions
are denoted by solid lines. FR-Ia represents the FR-I element in plasmid pFV1 from
M. thermaformicicum THF, whereas FR-Tb and FR-Ic represent the FR-I elements in the chromosome
of M.thermoformicicum CSM3 and M. thermoautotrophicum AH, respectively. The presumed extension
of FR-Ic is shown by dotted lines. The positions of the FR-Fspecific primers used for PCR-
amplification of DNA from strain CSM3 are indicated by small arrows. The shaded areas show
homologous regions flanking FR-Ib in strains CSM3 and AH and those flanking FR-Ia of pFV1 and
the corresponding region in pFZ1. The similarity values are indicated in percentages. The restriction
fragment of pFV1 used for hybridization as FR-I-specific probe is indicated by a solid bar. Letters
denote relevant restriction sites used for the cloning and in hybridization experiments (A, Acci; E,
EcoRI; H, Hindlll; P, Psil; S, Scal),

either strain, i.e. each boxI, boxII and the complete FR-I element are flanked by similar
terminal direct repeats with the consensus sequence A(A/T)ATTT (Fig. 4). Most remarkably,
the nucleotide sequences of boxI and boxII from strains THF and AH were identical.

M. thermoformicicurn CSM3 DNA digested with EcoRI and hybridized with the FR-I probe
generated two hybridization signals of approximately 1.4 kb and 2.0 kb with different signal
intensity {Fig. 2A, lane 9). To clone those fragments, EcoRI-digested DNA from strain
CSM3 ranging in size from 1-3.5 kb was isolated from agarose gel, ligated to pUC19 and
introduced in E.coli. “Transformants containing DNA that hybridized with the FR-I probe
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appeared to harbor one of three plasmids, termed pUCM1, pUCM2 and pUCM3 with inserts
of 1.4, 1.3 and 1.8 kb, respectively, (Fig. 3; Table 1). The similar sized inserts cloned in
pUCM1 and pUCM2 may explain the differences in signal intensity obtained with the FR-I
probe (Fig. 2A). A fourth clone, pUCM4, was constructed by cloning a 1.6-kb Scal-Psil
fragment from strain CSM3 which overlaps with the inserts of pUCM2 and pUCM3, into
pUCI18 digested with Smal-PseI (Fig. 3).

Nucleotide sequence analysis of the pUCM3- and pUCM4 inserts and of a 1.2-kb EcoRI-
HindIlI fragment of the pUCM?2 insert yielded a continuous stretch of 3055 bp. Comparison
of this sequence to that of FR-I from M. thermoformicicum THF and M.thermoautotrophicum
AH revealed that M.thermoformicicum CSM3 also contains a complete FR-Ib-type element
(EMBL accession no. X69113) analogous to the one found in strain AH (Fig. 3). Direct
repeats with the sequence A(A/T)ATIT were flanking either end of boxI, boxII and the
entire FR-1 element (Fig. 4). Again, the CSM3-derived boxI and boxII were identical on the
sequence level with those from strains THF and AH.

pF21 GCACCCCATGIAGATT  TITAATATGAARA
pFV1 CCACCCTYTAGGAAATTTICTCTTTACAG left end FR-1a (boxiI)
pFvt GAAATCCGTYTT/ARATTT|ITAATATGAAAR right end FR-la (boxi)

&H TGATGTTGAGAAATTTIGAAATTAAAA left end FR-Ib (boxI)
AH AACAATAGTTIATATTT TIGAATTTGTGG right end FR-Ib (box!I)
CSM3 CGATGTTGAGIAAATI TT|IGAAATTAAARM left end FR-Ib (boxI)

csM3 AACAATAGYTTIATATTTGAATTTGTGG right end FR-Tb (boxlI)

pFV1 AACAATAGTTIATATTT|IGAAATTAAAA junction site boxIl/boxI in FR-Ia
aH GAAATCCGTTIARAATTTICTCTTTACAG junction site boxl/box1I in FR-Ib
CSH3 GAAATCCGTTIARAATTTICTCTTTACAG junction site boxl/boxIl in FR-Ib
CSM3 AACAARTAGTTATATTT|IGAAATTAAAARA Junction site boxIl/boxl in FR-Ic

CSM3 GAAATCCGTTAAATTTICTCTTTYTACASG junction site boxl/boxil in FR-Ic

Figure 4. Conserved terminal hexanucleotides in the FR-I elements and boxI-boxIl junction sites,
respectively. The upper part shows an alignment of the terminal sequences of FR-1 elements derived
from plasmid pFV1 M. thermaformicicum THF (FR-Ia) and the corresponding region of plasmid pFZ1
from M.thermoformicicum Z-245, and from the chromosome of M. thermaoformicicum CSM3 (FR-Ib
and FR-Ic) and M.thermoautotrophicum AH {FR-Ib). The boxI-boxIl junction regions of either FR-I
element is shown in the lower alignment. The consensus hexanucleotide A(A/T}ATTT is boxed.

Similar to the situation observed in plasmid pFV1 the flanking regions of FR-I in strain
CSM3 and AH also differed in AT-content from that of FR-1, i.e. 45.9% versus 70.3%,
respectively. This suggests that these elements have been acquired from another source and
integrated into the chromosome. Alignment of an approximately 0.5 kb sequenece stretch
flanking FR-I from the strains CSM3 and AH revealed extensive similarity (>90% identity)
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Psel

1 CTGCAGGGTGTGACTTCCTIGGTATCCOATGACATCCACCCCGCCGACCTGCTGGAGGGG CACATGGACAGGATACTCAGGAGGGCGGTCGATTACGGTAT
10l TGACCCTCTAAGCGCTGTGCAGATGCTCACCATAAACCCTGCGGAGCACTACCGUCTCAGCACAGGCGCAATAGCGCUTGCATGGGATGCTGACTTCCTE
201 GTGGTITGACACCCTCAGGECACTTCAACCTTAAGAGGCTCTACATACATCGTACACCTCTCGCECATAGGGCCAGATACCTCATCAGCAGATCCGGOCCAA
301 (CAGGGCACCCCCCAGGAAACTTGAAGTGCCTGATTTTCCAGTTGAGAGATTGAATATCAGGGCTGAGGGTCATGAAGCCACTGTGAGGGTCATAGATGT
401  ACTGGACCCCCAGCTCATAACTCAAGAGCTAATTCCAACCCTCGAAGTIGAGGACGECACCGTGCAGGCTGACACGTCCTCAGATATCCTCAGGGTATCT
501 GTCCTTGACAGGTACGGGAGGGCTAATATCTCCAGCGGCTTCGTTCATGCATTCOGCCTCCACGAGGRCCCAATACCATCAACACTTGCCTATGACTCALC

Bamil

681 ACAACCTGATCGTGOTGGGAGTCGATCCTCACCTCATCAAGAGGCCGSTTGATATACT TAAAAAAGCAGGAGGGEGTCTIGTGOOGGTCTCAGGGGATGA
701 TCACAGGGTCCTTCAGCTTCCTGTGGCAGCTCTGATGTCAGATGGCCATGTATTTCAGG T TGCAGATCCATTTCAGAACCTCAACACTTCACTGAACAGC
801 TCGGETCACGTCTCAGCGCACCCTTCATGACCATCTCCTTCCTCTCGLTOCTUGTCATCCCECGGCTGAAGATAGGGGATAGGGGTCTCTTIGATGTTGA

FR=-1 (BoxI}e ke 1
201 AAATTAAAAACTTAATGGAGATE TCAAAATCGGACT TAAAGAAGATATTCG TGGACAAATTATAGGAGCATTAGCAGGAGCCGATTTCCCAA
Seal

1001 TAAATTCACCAGAAGAACTAATGGCAGCGCTICCAAACGGTCCAGATACTACTTGTAAATCTGGAGATGTAGAATTAAMAGCATCTGATGCTGGACAAGT
1
1101 ACTTACTGCTCATCATTTTCCATTTAAAAGTCCTCAAGAAGTTGCACATACTATAGTCAACAAACCAGGATTATAAGCCAAAATCGACTTCCTACTTTTT

1201 CTTTCTTITCTTTTTTAAGGATAATTAATTATTATCTTATAATAGGTTTTAATCCAGAAATTAAAATGGATAAGCUCAATAGTAAAGAAAATAAGCATAA
1301 GTCCCGTTGTACTGAATETCCGTCATATAATGAATGTATGTGCGTTIGGTTAGATTATTITTGCTGGAAAAATAGAATAATTTGCAGTAATATTAAGTCCT
1401 ACTGCTITCACTACAGATTAAATATTAAACAATCAATAATTTTCAATTGATTTTAAGAATGCCCCCCCTCCAGTTITCAATAGTTCAACCGEAGGGGATA

4
1501  ATAGTTCTGAAACCATTATTTTTTCAAATATTTTTTAAAATTACTCAGCATTATGAGTAGATTATATCCTT T TICAGTAATCATATAATCTCCACGTTCA

1601 TGACGCTGCAATATCAAGTCACTTTCAAGTAATTTTIGTATCTGCAAAAGTAAATTACCACCACCAAGCCCTGTAAGT TCTGAAAGAGCAGTGAATGTCA

1701 TGGTTTCAGAGGCCATAGATTITAAGAATITGAAGTCTCTGTTTATTAGAAATAGGTTCAAGAAGACTCTTAACCATAATTTCTTCAGGAATAGAAGATAT
Accl

1801 CTCAGTTITATCCTCTTTATTATTGTCATATATTIGTACAGAGCCASTTAGATTTATTTGCT TATCAAMTAGTGAGTCTACTTCCTTAAAACAAATATCA

1901 CATTTATCAAAAGGAGCACTTTTCCTTATTTCATCTAATTCCTCTCTTITOTCTTCTATAATTTCTTTGGAAACATGTTCCTGTTTTATAACTTTAGAAT

«Boxl/BoxIle
2001 TATTTTGTAGAAATCCG CTTTACAGGT T TCCCGCATCTTACAGGGATTAAGCATATTTTGTTCTAAATCATTTTCAATATCATCAGAAAT

EccRI1
2101 ATAAACAGATACTGAATTCAAAATATCCTTITTTAAGTTGCTTAGCAT TAMATCAAGGTATTCTTGATTAGATITTTCCATCAAACGCTTGATATCCTGA
EcoR1 -—
2201 TGTATAGCTTCTAATTTCATTCGGGCATCATAGAATTCAGGATTATCCATTTTATTTAGATTTTCCATAAATTATTTTATTGATTTAGATAGTATTAAAG
«FR-I(Box1l)

2301 GTTICTTTCTTIGACCTTTTAAGTCATATTIGTCTATAAAACTGTACTTAGTACATTITAATGACGG T T TAGTATATATTTCTAATAAACAATAGTTATAT
2401 E}MTITGTGGATGTTCTCGTC-CCCTGATAGGGG'ITAG'I'I'AC’I'I'ITCATGGGGCAGCAATCTCA’IEATATCTTNATTCAGGGCCTGGATTATCCTCCT

2501 CATGGCCTCCTTCTCCCTGGGGCCCCCGACCTTCCTIGCAACCCGETTCATCTCAGCGATCCTCTCCCTGAGGACCACAGGCTCTGAAAATTCAGCTCGC

2601 GTATAGGCTATCAGTGACTCAATAACAGCGTATATGCCACGG TTGAGGGCCATCCTGAAGCTTTCAGCCCTCATAACATCACCTSCACGGGCCTTCACAA
Pgtl

2701 CATGAAGTTCTGACTCACCGAACCGGTCCCTCTTCACCAGCTTCTTCACAGAGACAACCTCTECAG

Figure 5. Nucleotide sequence of the 2766-bp Psd fragment from M.thermoautotrophicum AH
including FR-Ib and its flanking regions. Boxed nucleotides represent the consensus hexanucleotide
located at the ends of FR-T and the junction site of boxI and boxIL. The initiation and termination
codons of two ORFs (1 and 4) of FR-Ib are marked. Asterisks denote a potential ribosome binding
site.

(Fig. 3). Since strains AH and CSM3 are closely related organisms (Nélling et al. 1993b)
this finding suggests that the FR-Ib element is located at identical positions within the same
sequence context in the chromosomes of strain AH and CSM3.

A different result was obtained from sequence analysis of the 1.4-kb EcoRI fragment
cloned in pUCMI. It contained the complete boxI of FR-I which seemed to be flanked at
both sites by one copy of boxII (Fig. 3). The junction sites of boxI and boxII showed the
consensus sequence A(A/T)ATTT (Fig. 4). Since the cloned EcoRI fragment contained only
about 100 bp of the adjacent copies of boxIl no analysis of the flanking chromosomal
sequences was possible. Nevertheless, the sequence of the pUCMI insert suggests that, in
addition to a FR-Ib, strain CSM3 contains another type of FR-I, designated FR-Ic, consisting
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of either two copies of boxII and one copy of boxI or representing a tandem repeat of either
FR-Ia or FR-Ib (Fig. 3). To discriminate between these possibilities, we analyzed a PCR-
amplified DNA fragment that was produced from total DNA of strain CSM3 using two
primers specific for boxI of FR-I (see Fig. 3). Sequence analysis of the approximately 1-kb
PCR product, which was cloned into HindllI-linearized pUC19 to yieid pUCMS5 (Fig. 3;
Table 1), revealed that it comprise a complete boxII flanked by sequences homologous to
boxI. This result suggests that FR-Ic may consist of at least two continuous copies of either
FR-1a or FR-Ib (Fig. 3).

Coding capacity of the FR-I elements

The FR-1 elements were inspected for the presence of open reading frames (ORFs) with more
than 200 bp and appropriate start codons (ATG, GTG or TTG). The boxI of either FR-1
element contained an identical ORF, designated ORF1, with a size of 237 bp ranging from
position 3264 to 3500 in FR-Ia of strain THF (Ndlling et al. 1992) and from position 937
to 1173 in FR-Ib of strain AH (Fig. 5 and 6). Two additional ORFs were found in FR-Ia of
pEV1. One of these, ORF2, was 294 bp in size (ranging from position 3100 to 2809) and
part of boxII, while the other one, ORF3, was 258 bp in length (from position 4103 to 3848)
and located in boxI (Fig. 6). In FR-Ib of the strains AH and CSM3, the different
organization of boxI and boxII resulted in a fusion of ORF2 and ORF3 yielding ORF4 with
a size of 750 bp (ranging from position 2268 to 1519 in strain AH; Fig. 5 and 6). However,
except for ORF1, none of the ORFs were preceded by a sequence with similarity to a
consensus methanogenic ribosome binding site (Brown et al. 1989) (Fig. 5). A TFASTA
search (Pearson et al., 1988) of the nucleotide sequence and the deduced amino acid

Boxll Boxl
[ 1 1]
L
= = = FR-la
ORF2 ORF1 ORF3
Boxl BoxIl
[ | ]
= : | FR-Ib
_— ' 3

ORF1 ORF4

Figure 6. Coding capacity of FR-la from plasmid'p-FVl of M.thénnojbrmicicum THF and FR-Ib from
either M.thermoautotrophicum AH or M.thermoformicicum CSM3. Identical coding regions are
indicated by a similar shading. o
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sequences of possible gene products of the FR-I elements with those stored in the databases
revealed no significant similarity.

Copy number of FR-I elements

Since the FR-I elements were exclusively plasmid-located in M. thermaformicicum THF, their
copy number correspond with that of pFV1 which is present in approximately 4 to 5 copies
per chromosome in this strain (Nélling et al. 1991) (Table 2). To determine the copy number
of FR-I elements contained in the chromosome of Methanobacterium strains, total DNA of
these strains was digested with restriction endonucleases that have no cleavage sites in FR-I,
and subsequently hybridized with the FR-I-specific probe. Hybridization of Sall-Sphl cleaved
DNA prepared from M.thermoformicicum strains CSM3, FF1 and FF3 yielded a single
hybridization signal with comparable intensity (Fig. 2A, lanes 13-15). When DNA of the
same strains was digested with BemHI and Ps:I, we observed three hybridization signals with
the DNA from strains CSM3 and FF1 and only one with that from strain FF3 (Fig. 24, lanes
10-12). The obtained hybridization patterns and the signal intensities indicate that strains
CSM3, FF1 and FF3 each harbor at least three copies of a FR-I element which are located
on BamHI-Pstl fragments that differ in size in strains CSM3 and FF1 but are similar sized
in strain FF3 (Table 2). Moreover, these multiple FR-I elements seem to be clustered in the
strains CSM3, FF1 and FF3 on an approximately 15 kb sized Safl-Sphl fragment (Fig. 2A,
lanes 13-15).

In the case of M.rhermoauwtotrophicum AH, a single hybridization signal was observed with
BamHI-digested DNA (data not shown) and two signals with DNA cleaved by EcoRI (FR-I
contains two EcoRI sites; Fig. 2A, lane 8). These results would indicate that strain AH
contains a single copy of FR-1. However, the comparable signal intensity of the major
hybridization species of EcoRI-digested AH DNA (Fig. 2A, lane 8) and that derived from
BamHI-Psf1 cleaved FF3 DNA which represents three copies (Fig. 2A, lane 12), suggests
that strain AH may harbor more than one FR-I element (Table 2).

Characterization of FR-II

Comparison of the nucleotide sequences of plasmid pFV1 and pFZ1 (Nélling et al. 1992) had
shown that plasmid pFZ1 contains a region homologous to the 3.3-kb Narl-EcoRI fragment
of pFV1 which includes FR-II. Therefore, plasmid pFZ1 also carries a copy of FR-II
(designated FR-1I"). Due to the high interplasmid similarity of the FR-II containing regions,
however, determination of the exact size of FR-II and FR-II’ was not possible, To allow for
a better comparison, the chromosomal FR-1I element of M.thermoformicicum CSM3 was
analyzed. For this purpose, we first cloned a 4.5-kb EcoRI fragment of strain CSM3 that
hybridized with the FR-II probe (Fig. 2B, lane 9) to yield pUCM6 (Table 1). Sequence
analysis of a part of the pUCMS insert generated a continucus stretch of 2676-bp (EMBL
accession no, X69114), Alignment of this sequence with that of the FR-II-containing plasmid
regions revealed a 2.5-kb fragment with high similarity. This chromosomal segment of strain
CSM3 was designated ¢cFR-II (Fig. 7).

The cFR-II segment comprised 2542 bp (from position 47 to 2568 of the analyzed pUCM6
sequence) and had a similar size as FR-II’ from plasmid pFZ1 (2510 bp; position 4750 to
7258 according to Nolling et al. 1992). FR-1I from plasmid pFV1 contained, however, a
direct repeat of two identical 524-bp sequences (DR) that enlarged its size o 3034 bp
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(position 5687 to 8719 according to Nolling et al., 1992).

Both FR-I1” and cFR-II contained ORFs of a comparable size, ORF5’ (position 5293 to
6791) and cORFS (position 730 to 2142) (Fig. 7), respectively, that could code for proteins
with a calculated molecular mass of respectively 54.1 and 51.6 kDa. Due to the sequence
duplication in pFV1, however, two partially identical ORFs, ORF5a (position 6214 to 6221)
and ORF5b (position 6890 to 6895), were generated in FR-I that could code for proteins
with a calculated molecular mass of 24.7 and 49.6 kDa, respectively (Fig. 7). As a
consequence, the C-terminal part of the ORF5a protein and the N-terminal part of the ORF5b
protein would share a block of 170 identical amino acids. The plasmid-located ORF5a of
pFV1 and ORFS of pFZ1 are followed by two additional, smaller ORFs, ORF6 (position
8354 to 8719) and ORF&’ (position 6831 to 7259), respectively (Fig. 7). The capacity to
code for large and highly similar proteins is the most conspicuous feature of the FR-II
segments. Alignment of the amino acid sequences deduced from ORF5a/b, ORF5’ and
cORFS5 revealed 72-84 % identical residues. Interestingly, cORFS5 of strain CSM3 is flanked
by sequence blocks which share no homology with the plasmid-located FR-II segments (Fig.
7). This particular conservation of cORF5 and its plasmid-derived counterparts may indicate

FR-I

T

FR-l (pFV1)
FR-II' (pFZ1)
cFR-Il (CSM3)

Figure 7. Organization and similarity of the FR-II segments derived from plasmid pFV1 and pFZ1
of M.thermoformicicum strains THF and Z-245, respectively, and the chromosome of strain CSM3.
ORFs are represented by open arrows whereas the direct repeat (DR) found in pFV1 is indicated by
black arrows. The Sregion of ORFS5a and ORFS’ that could code for a putative signal peptide is
indicated by a black block. The position of a stop codon that would result in a N-terminal truncated
¢ORF5 protein of strain CSM3 is shown. Regions with high degree of similarity are shaded and
homology values are given in percentages.
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their expression into proteins with yet unknown function. A database search failed, however,
to detect significant similarities with the nucleotide sequence or the deduced amino acid
sequence of either of the FR-II segments.

The ORF5a protein of pFV1 and the ORFS5 protein of pFZ1 contained a stretch of 24
amino acids with structural similarities to a prokaryotic signal sequence (Gierasch 1989): a
N-terminal located block of four polar and one positively charged residue followed by a
hydrophobic core of 13 residues and a putative signal peptidase cleavage site (for ORF5a:
NH,-MRNGTLVLAALLTLFVLAGSSSA 4 ADVGIELDKN...; charged and hydrophobic resi-
dues are underlined and in italics, respectively; the arrow indicates the putative signal
peptidase cleavage site). The presence of this putative leader peptide suggests that the
proteins may be translocated through or associated with the cell membrane. The deduced
product of cORFS of strain CSM3, however, lacks this sequence since a stop codon at
position 688 would result in a protein which is, compared to the corresponding plasmid-
encoded proteins, N-terminally truncated by 33 amino acids (Fig. 7).

Inspection for appropriate expression signals suggested that the ORF5a/ORF5b region of
plasmid pFV1 may form a transcriptional unit since a sequence stretch with considerable
similarity to a typical archaeal promoter signal (Hain et al. 1991} could be identified
upstreamn ORF35a, whereas ORF5b is immediately followed by a T-rich stretch that resembled
a conserved archaeal transcription termination signal (Brown et al. 1989). Both ORFs are
preceded by a potential ribosome binding site (Brown et al. 1989). The putative transcription
and translation signals identified for ORF5’ of pFZ1 were almost identical to those found for
ORF52/ORF5b, i.e. ORFS’ displays the promoter sequence and the ribosome binding site
of ORF5a and the terminator signal of ORF5b. Similar transcription signals could be
identified for the chromosomal cORFS although it is devoid of a appropriate ribosome
binding site.

DISCUSSION

The high similarity of the archaeal plasmids pFV1, pFZl and pFZ2 from
M. thermoformicicum strains THF, Z-245 and FTF, respectively, suggested by hybridization
studies (Né6lling et al. 1991) and partially confirmed by nucleotide sequence analysis (Nolling
et al., 1992}, implies that these extrachromosomal elements belong to a family of related
plasmids and probably have been derived from a common ancestor. Whereas the major part
of the plasmids consist of unique sequences which showed no homology to chromosomal
DNA of the methanogenic strains used in this study, two regions of plasmid pFV1 could be
identified that have chromosome-located counterparts in several thermophilic strains of the
genus Merhanobacterium. One of those plasmid-derived regions, FR-I, is characteristic for
plasmid pFV1, whereas the other one, FR-II, is also part of plasmids pFZ1 and pFZ2.
FR-I consists of two sequence blocks, boxI and boxII, which occur in a variable sequential
order. Based on their organization three different types of FR-I could be identified (Fig. 3):
(i) FR-Ia, which is part of plasmid pFV1, displays a boxII-boxI organization; (ii) FR-Ib,
isolated from the chromosome of M.thermoautotrophicum AH and M.thermaformicicum
CSM3, with the order boxI-boxII; and (iii) FR-Ic from strain CSM3 consisting of tandemly
repeated copies of either FR-Ia or FR-Ib. In spite of their different organization, boxI and
boxIl of each element have the same orientation (Fig. 3) and an identical nucleotide
sequence, FR-Ia and FR-Ib are 1501 bp in size and exhibit defined short terminal direct
repeats with the consensus sequence A(A/T)ATTT. Moreover, this consensus sequence
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defines the boundaries of boxI and boxII (Fig. 4). The observed different organization of
boxI and boxII could well be the result of recombination. It may be suggested that either the
A(A/TATTT sequence is involved in the rearrangement of boxI and boxII or, alternatively,
that the elements containing only a single boxI, i.e. FR-Ia and FR-Ib, represent deletion
derivatives of a FR-Ic-like element. The single FR-Ib element found in strain CSM3, for
instance, could have been generated from a FR-Ic-type element consisting of two repeated
FR-Ib copies by homologous recombination between those repeated elements.

An exceptional property of the FR-I elements is their complete conservation on the
sequence level as found for four independently isolated copies from three different
Methanobacterium strains. A similar observation was reported for the halobacterial insertion
sequences ISH1 (Simsek et al. 1982; Pfeifer and Ghahraman 1991) and ISH2 (DasSarma et
al. 1983; Pfeifer and Ghahraman 1991). Analogous to the 520-bp ISH2 element, also the FR-
I elements have low coding capacity, indicating that other characteristics than the encoded
gene products might be responsible for the conservation on the nucleotide level. One may
argue that the examined strains have recently acquired these elements, and therefore base
variations are unlikely to have occurred during this timespan. However, all methanogenic
strains that contain at least one copy of an FR-I type were isolated from geographically very
different locations during a period of two decades.

It is tempting to speculate that FR-I represents a new archaeal insertion element. Several
observations would support this hypothesis. (i) The FR-I elements exist in multiple genomic
copies. At least two of the elements, FR-Ia and FR-Ib, are part of a different sequence
context as revealed from sequence comparison of the FR-I flanking regions. Since the
flanking regions showed no sequence similarity to the FR-I elements, integration of the
elements is unlikely to have occurred by homologous recombination. (ii) Each FR-I element
contains terminal direct repeats with the consensus sequence A(A/T)ATTT. This direct repeat
may either be part of the element or may represent a target site duplication generated upon
integration of FR-1. The latter possibility would be supported by the fact that plasmid pFZ1
from strain Z-245 contains a single copy of a similar hexanucleotide, AGATTT, at the
position where FR-I is integrated in plasmid pFV1 (Fig. 5). (iii) The FR-I elements contain
ORFs that may encode proteins involved in movement of the elements. Since, however,
rearrangements of boxI and boxII affect the coding capacity, the major 750-bp ORF is only
found in FR-Ib and FR-Ic (Fig. 6).

In contrast to most of the IS elements known in Archaea and Bacteria, FR-1 lacks terminal
inverted repeats. However, transposition does not depend on the presence of terminal
inverted repeats as was found for several transposons from gram-positive bacteria, such as
Tn554 (Murphy and Lofdahl 1984) or Tn3276 (Rauch and de Vos 1992). Similarly, no
terminal inverted repeats were found for the (putative) insertion element ISH1.8 associated
with phage ®H of the archacon Halobacterium salinarium (Schnabel et al. 1984). The latter
authors concluded that the insertion mechanism of those elements is different from that of
IS elements with terminal inverted repeats. This could also apply to FR-1. The conclusion,
however, that FR-I is a novel type of IS element will only be justified by the observation of
its transposition.

A second region of plasmid pFV1, FR-II, was found to have homologous counterparts in
the chromosome of M. thermoformicicum strains CSM3 and HN4. Furthermore, a chromo-
somal copy of FR-II seems also to be present in strain THF, the host of plasmid pFV1. In
contrast to FR-I, FR-II is an integral part of plasmid pFV1 and pFZ1 and possibly also of
the postulated common ancestor of those related plasmids. The presence of FR-II in a
restricted number of strains on either plasmid or chromosomal DNA suggests that it belongs
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to a similar class of elements as FR-I. However, compared to FR-I, FR-II differs in several
aspects: (i) FR-II is also part of the plasmids pFZ! and pFZ2 of the strains Z-245 and FTF,
respectively; (ii) it is less frequently distributed among other thermophilic Methanobacterium
strains (Table 2); (iii) only a single copy of FR-II seems to be located on chromosomal DNA
(Table 2); (iv) FR-II is less conserved on the nucleotide level; (v) there is no evidence for
target site duplication; (vi) it displays a higher coding capacity. The most remarkable
characteristic shared by the analyzed two plasmid-located FR-II segments and the
chromosomal one from strain CSM3 is the presence of a large coding region that may direct
the synthesis of highly similar proteins. The high conservation of the FR-II coding regions
may indicate that they encode proteins with yet unknown function.

The distribution of FR-I among thermophilic Methanobacterium strains strongly correlates
with their phylogenetic position. As was shown by DNA-DNA hybridization studies and 168
rRNA analysis, all FR-I carrying strains, i.e. M.thermoformicicum strains THF, CSM3, FF1
and FF3, and M.thermoautotrophicum AH, belong to the same species (Touzel et al. 1991;
Nolling et al. 1993). We can imagine two explanations for this finding. Either FR-I was
already part of the common ancestor of those strains or its dissemination is the result of
horizontal gene transfer. The fact that the strains have been isolated from geographically very
different locations, would argue for the first possibility. If so, this would imply that the
strains Z-245 and FTF, which belong to the same species as the FR-I harboring strains
(Touzel et al. 1992; Noélling et al. 1993) but lack FR-1, have lost this element. On the other
hand, lateral gene transfer of FR-I may have occurred analogous to dissemination of insertion
elements in Bacteria via plasmids or phages. In this case plasmid pFV1 from strain THF may
have served as vector in mobilizing FR-I from one strain to another.
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A restriction-modification system, deslgnnted M{hTI, was localized on plasmid pFV1 from the thermophilic
archaeon Methanobacterium thei icur: THF. The MthTI system is & new member of the family of
GGCC-recognizing restriction-maodification systems. Functional expression of the archaeal MthTI genes was
obtained in Escherichia cofi. The nthTIR and nuhTIM genes are 343 and 990 bp in size and code for proteins
of 281 (32,102 Da) and 330 (37,360 Da) acids, resp ly. The deduced amino acid sequence of
M.MthTI showed high similarity with that of the isospecific methyltransferases M.NgoPII and M.Haefll. In
addition, extensive sequence similarity on the amino acid level was observed for the endonucleases R.MRTI
and R.NgoPlL. Moreover, the endonuclease and methyltransferase genes of the thermophilic MtATI system and
those of the Neisseria gonorrhoene NgoPlII system show identical organizations and high (54.5%) nucleotide
identity, This finding suggests horizontal transfer of restriction-modification systems between members of the

domains Bacteria and Archaca.

Type II restriction-modification {R/M) systems are com-
posed of two enzymatic activities, an endodecexyribonu-
clease (ENase) and a DNA methyliransferase (MTase),
which recognize the same specific DNA sequence (44). It has
been proposed that a major function of R/M systems is the
protection of resident DNA against contamination by se-
quences of foreign origin (16). A great variety of R/M
systems have been identified in prokaryotes (13, 30) and
appeared to be valuable tools for studying evolution at the
gene and protein levels (44).

Genetic characterization of R/M systems showed that the
ENase and MTase genes are usually located in close prox-
imity to each other, although their relative orientations may
differ (44). Comparison of ENases and MTases from se-
quenced R/M systems revealed that ENases share no protein
similarity with isospecific MTases. In addition, ENases
generally show no homology with other ENases (18), with
the exception of the pairs R.EcoRI-R.Rsr1 {36} and R.BsuFI-
R.Mspl (12). In contrast, considerable similarities between
various MTases were found at the amino acid level, espe-
cially between those genmerating 5-methylcytosine (m C-
MTases) (15, 19, 26, 37). Among R/M systems with m*C-
MTases, those that recognize the target sequence GGCC are
widely distributed (30). Representatives that have been
sequenced include Haelll (35), NgoPIl (37, 38), BsuRlI (14),
and BspRI (27). In addition, the sequences from three
GGCC-specific MTases from Bacillus subtilis phages SPR,
$3T, and pll, have been determined (1, 41). This molecular
characterization of GGCC-specific R/M systems allowed the
identification of conserved sequence motifs such as the
target-recognizing domains in the MTases and the study of
the evolution of these proteins (1, 17-19, 43).

All known sequenced R/M systems originate from mem-
bers of the domain Bacterin; no sequences of ENases or
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MTases have been reported from members of the domain
Archaea, a fundamentally different group of prokaryotes
with a unique phylogenetic position (46). Nevertheless, R/M
systems have been detected in representatives of all archaeal
groups, including halobacteria {25}, thermoacidophiles {28},
and several methanogens (20, 33, 39).

In this communication, we describe the characterization
of a GGCC-recognizing R/M system, designated MIATI,
from the thermophilic archacon Methanobacterium thermo-
formicicum THF. This R/M system was initially detected
during molecular characterization of a new plasmid, pFVL1,
that was recently identified in this strain (23). Unexpectedly,
the gene and deduced amino acid sequences of the MATI
system showed significant sequence identity with those of
the NgoPIl system of Neisseria gonorrhoeae, suggesting
horizontal gene transfer between members of the Arckaea
and Bacteria.

MATERIALS AND METHODS

Bacterial strains and plasmids. M. thermoformicicum THF
{DSM 3848) was cultivated as described previously (23).
Escherichia coli TM83 (47) and TGl (9) were used for
subcloning and propagation of plasmids pUC18 and pUC19
(47} and phages M13mpl8 and M13mpl9 (47), respectively.
Expression of the mthTIR and mthTIM genes was analyzed
in k. coli HB101 (2). E. coli strains were grown at 37°Cin L
broth, if appropriate in the presence of ampicillin (50 g/mi),
and handled according to established procedures (31).

The entire 13.5-kb plasmid pFV1 from M. thermoformici-
cum THF (24} was cloned into a A GEM-12 vector (Promega
Biotec, Madison, Wis.) by using the single Xhol site of
pFV1, yielding phage » GFVI (24). For construction of
plasmids pU¥1 and pUV2, two Xhol-Sstl fragments, 7.4 and
6.1 kb in size, of A GFV1 were subcloned into pUC19
digested with Sail and Ssel. Plasmid pUV1 was used as a
substrate in endonuclease and methylase assays. Plasmid
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FIG. 1. Restriction map and subclones of a 6.1-kb Sstl-Xhol fragment of plasmid pFV1 containing the MhTI system, Arrows indicate the
orientation of the ENase (R) and MTase (M) genes. The in vivo and in vitro ENase (R) and MTase (M) activities of the subclones are

summarized. +/—, partial activity; n.d., not determined.

pUV2 carries the MthT1 R/M system (Fig. 1). For expression
studies in E. coli, a 2.9-kb HindII-HindIIl fragment from
plasmid pUV2 was cloned into pUCIS8 digested with HindII
and Hindlll, yielding plasmid pURM4 (Fig. 1). Deletion of a
1.6-kb fragment between the PseI site of the polylinker and
the Nsil site of the insert of plasmid pURM4 resulted in
plasmid pURMA4AM (Fig. 1). For construction of plasmid
pURM4AR (Fig. 1), a 1.95-kb Scal-Pstl fragment from
ptasmid pUV2 was cloned into pUCIS8 digested with Smal
and Fstl.

Enzymes and chemicals. Restriction enzymes, T4 DNA
ligase, and Klenow DNA pelymerase were obtained from
Life Technologies Inc, {Gaithersburg, Md.). M.Haelll was
purchased from New England Biolabs, Inc., Beverly, Mass.
Otligonucleotides were synthesized with a Biosearch Cy-
clone DNA synthesizer (New Brunswick Scientific Corp.) at
The Netherlands Institute for Dairy Research. [a-*?P]dATP
{11¢ TBg/mmol} was purchased from Amersham Interna-
tional (Amersham, United Kingdom).

DNA manipulations and sequence awalysis. Isolation of
plasmids, transformation of E. coli, restriction mapping,
agarose gel electrophoresis, and subcloning of DNA frag-
ments were done essentially as described previously (31).
For determination of the nucleotide sequence, DNA frag-
ments from plasmid pUV2 were isolated from agarose gel,
using a Geneclean kit as described by the supplier (Bio 101,
La Jolla, Calif.}, and subcloned into M13mpl8/19 vectors.
The nucleotide sequences of overlapping fragments of both
strands were determined with use of vector- and insert-
specific primers by the dideoxy-chain termination method
(32) with the Sequenase kit according to the recommenda-
tions of the manufacturer (United States Biochemical Corp.,
Cleveland, Ohio). Computer analysis of sequence data was
done with the University of Wisconsin Genetics Computer
Group package (version 6.0) (7) and the CAOS/CAMM
facilities at Nijmegen, The Netherlands.

Preparation of cell extracts. Ten-milliliter overnight cul-
tures of E. coli HB101 carrying {part of) the MthTI R/'M
system were diluted with 10 ml of medium and induced with
2 mM isopropylthiogalactopyranoside (IPTG). After 4 h of
growth, cells were harvested by centrifugation and washed
in prechilled tysis buffer (100 mM NaCl, 10 mM EDTA, 10
mM B-mercaptoethanol, 50 mM Tris-HC! [pH 7.6]). Finatly,
cells were resuspended in 0.05 volume of lysis buffer and
distupted by sonication. After heat treatment for 10 min at
65°C (34), the extract was centrifuged for 2 min at 15,000 x
g. The supernatant was collecled, adjusted to 0.4 pg of
protein per (|, mixed with 1 volume of glycerol, and stored
at ~20°C.
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For preparation of cell extracts from M. thermoformici-
cwn THF, approximately 0.1 g of cells was resuspended in
0.5 mt of lysis buffer and disrupted by sonication as de-
scribed above. After centrifugation, the supernatant, which
contained about 3.5 to 5.0 pg of protein per ul, was col-
lected, mixed with 1 volume of glycerol, and stored at
-20°C.

Endonuclease assay. Standard assays with R MhTI were
performed in a total volume of 10 pl containing 1 pg of DNA,
1 pl of restriction endonuclease buffer (1 M NaCl, 0.1 M
MgCl;, (.01 M dithioerythreitol, 0.5 M Tris-HCI [pH 7.6}),
and 1 pl of cell extract. After incubation for 1 h at 65°C, the
resulting DNA fragments were analyzed by agarose gel
electrophoresis.

Methylase assay. For methylase assays with M_MthTI, 1 pl
of cell extract was incubated with 1 pg of DNA in 50 mM
NaCl-1 mM dithiothreitol-50 mM Tris-HC! (pH 8.5)-0.08
mM S-adenosylmethionine (AdoMet) in a total volume of 5
pl. After incubation for 1 h at 65°C, 12 pl of deionized H,O,
2 pl of restriction endonuclease buffer, and 1 pl of extract
prepared from E. coli(pURM4AM;) or 10 U of R.Haelll were
added, and the mixture was incubated for another hour at 65
or 37°C, respectively. Subsequently, the DNA was analyzed
by agarose gel electrophoresis. Assays using M.Haelll were
performed under similar conditions but at 37°C.

Primer extension. Approximately 1 pg of pUV1 DNA was
incubated under endonuclease conditions with extract pre-
pared from E. coli harboring plasmid pURM4AM or
R.Huelll. Digestion of the DNA was checked by agarose gel
electrophoresis. The DNA was deproteinized by a repeated
double phenol-chloroform extraction and chloroform extrac-
tion, precipitated with ethanol, and finally resuspended in
deionized H,O. After alkali denaturation, the DNA was
precipitated again and resuspended in 5 ul of deionized H,O.
Addition of 2 pl of buffer (0.1 M Tris-HCI [pH 8.0], 0.05 M
MgCl,) and 3 pl! of primer (0.5 pmol/pl) was followed by
annealing for 15 min at 37°C. The suspension was mixed with
1 wl of 0.1 M dithiothreitol, 2 pl of deoxynucleoside triphos-
phate ({NTP) sotution (dCTP, dGTP, and dTTP; 1.5 pM
each), 0.2 ul of [-**P}dATP (10 wCi/nl), and 5 U of Klenow
DNA polymerase and incubated for § min at room temper-
ature. After addition of 4 pl of chase solution (all four
dNTPs; .5 mM each), the mixture was incubated for 30 min
at room lemperature; the reaction was stopped by addition
of 8 ul of the stop solution used for the sequence reactions.

Nucleotide sequence accessiom number. The nucleotide
sequence reported in this paper has been assigned the
GenBank accession number M97222,
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RESULTS

Identification and seguence analysis of the METI R/M
system. The thermophilic M. thermoformicicum strain THF
harbors the 13.5-kb plasmid pFV1 (24). During restriction
analysis of pFV1, we observed that its DNA was resistant to
digestion with the GGCC-specific ENase R.Haelll. Upon
cloning of the two Xhol-SstI fragments of pFV1 in E. coli
JMA3 by using pUC19, it appeared that DNA of one of the
resulting plasmids, pUV1, was sensitive to R.Haelll. In
contrast, DNA of the other plasmid, pUV2 (Fig. 1), was anly
partially digested with R.Haelll despite the presence of
multiple frelll recognition sites in at least the vector part of
pUV2. The degree of protection against digestion with
R.Haelll increased when the merB E. coli strain HB101 was
used to propagate pUV2 (Fig. 1). These results indicate that
M. thermoformicicum THF contains an MTase activity,
designated M_MthTI, which modifies the R.Haeelll recogni-
tion sequence and is probably encoded by the insert DNA of
pUV2. Subcloning of pUV2 DNA followed by R.Haelll
digestion studies allowed the location of the putative
mthTIM gene on a 1.95-kb Scal-Pst1 fragment, contained in
plasmids pURM4 and pURMAAR. These plasmids were
partially and completely resistant to digestion by R.Haelll,
respectively (Fig. 1; see below).

Nucleotide sequence analysis of the 2,87¢-bp HindII-Xhol
insert present in pURM4 (Fig. 2) revealed two large, par-
tially overlapping open reading frames (ORFs), The first
OREF is located between positions 166 and 1032. This ORF
contains an initiation codon (ATG) at position 187, which is
preceded by a potential ribosome binding site (positions 171
to 181). If this initiation signal is used, the ORF could code
for a protein with 281 amino acids (32,102 Da). Since
plasmids containing this ORF resulted in an ENase activity
in E. cofi (Fig. 1; see below), we conclude that it represents
the mshTIR gene. The second ORF ranges from positions
1026 to 2019 and is included in the 1.95-kb Scel-Psel frag-
ment, which specifies MTase activity (see below). There-
fore, we conclude that this ORF contains the meh TIM gene.
A potential start site of the m#faTIM gene is the second triplet
of this ORF {ATG at position 1029), which pattially overlaps
with the opal stop codon {TGA) of the preceding mehTIR
gene. The meATIM gene is preceded by a putative ribosome
binding site at positions 1014 to 1018. I this ATG is used, the
mthTIM pene could code for a protein of 330 amino acids
(37,360 Da).

Preceding the coding regions of each gene, two possible
transcription initiation sites with similarities to a typical
methanogenic promoter (4, 29) consisting of a consensus
boxA and a baxB could be identified (Fig. 2), but their
functionality has to be verified. Immediately following the
mthTIR gene, a T stretch that could function as a transcrip-
tion termination signal was observed (Fig. 2) {4). A second
T-rich stretch was identified downstream of the translation
termination codon of ruhTIM. This putative transcription
termination signal is contained within a 198-bp region con-
sisting of several direct repeats (Fig. 2), which were not
found elsewhere in the DNA of pFV1 (24).

Activity and recognition sequence of F.MRTIL. Plasmids
pURM4 and pURM4AM, which both contain the »uhTIR
gene under control of the vector-located lac promoter (Fig.
1), appeared to encode active ENase, since E. cofi HB101
harboring either of those plasmids showed low recovery and
substantial degradation of plasmid DNA (data not shown).
To analyze the in vitro ENase activity, cell extracts prepared
from E. cofi HB101 harboring pURM4AM were incubated
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with phage A and pUV1 DNA at 65°C. The results showed
that the number and size of the restriction fragments ob-
tained with the extract were identical to those obtained by
digestion with purified R.Aaelll at 37°C (Fig. 3A). Simiiar
digestion patterns were obtained with cell extracts prepared
from cells of HB101 harboring pURM4 (Fig. 1) and M.
thermoformicicurmn THF, although the activity of the latter
extracts was much lower than that of the £. coli extracts. No
ENase activity was found in control experiments using
clenes with either pURM4AR or pUCLE (data not shown).
These tesults confirm that the M. thermoformicicum
R.MthTI activity is encoded by the cloned, pFV1-located
mehTIR gene. In addition, the data indicate that the archaeal
R.MthTI recognizes the same DNA target sequence as does
R.Haelll, i.e., GGCT (3).

To determine the exact position at which R.M#ATI cleaves
the target sequence, primer extension experiments were
performed, using RMATI- or R.Haelll-digested pUV1
DNA as a template. The primer extension product of DNA
incubated with RAMATI was the same size as that derived
from incubation with R.Haelfl (Fig. 4). Inspection of the
sequence ladder run in parallel showed that both ENases
cleave the target sequence to yield GG | CC,

Activity of MJMITI in vivo and in vitro. To extend the
observation that pUV2 DNA and DNA of some of its
subclones (Fig. 1), when propagated in E. coli HBI1D1,
showed (partial) resistance to digestion with R.Haelll, those
plasmids and control DNAs were incubated with RAM#TI
obtained from a cell extract of E. coli HB1G1 harboring
pURM4AM. As was expected from the identical target site
recognition of the two ENases, the same protection against
digestion was observed. Remarkably, DNA of pUV2 and
pURMS4 was only partially proiected against digestion by
both R.Haelll and R.MtATI, whereas DNA of pURM4AR
was found to be fully protected against digestion by both
ENases (not shown), suggesting different expression levels
of the rmthTIM gene in E. coli harboring these plasmids. Low
M.MthTI activity was also observed in extracts of E. coli
HBI101 harboring pURM4, which contains the complete
MthTI R/M system under control of the vector-located lac
promoter (Fig. 1). Higher MTase activity was observed in
cells containing pURMA4AR, and almost complete protection
of pUV1 DNA against restriction with either R.Heelll or
pURM4AM-encoded R.MtATI was found (Fig. 3B, lanes 1 to
4).

In vitro methylation assays using a cell extract of E. coli
HBI101{(pURMA4AR) clearly showed the dependence of the
M.MtRTI activity on addition of the methyl group donor
AdoMet (Fig. 3B, lanes 1 to 4). Similar dependence on
AdoMet was obtained when pUV1 DNA was modified in
vitro with M.Haelll at 37°C (Fig. 3, lanes 5 to 8). Further-
more, extracts from M. thermoformicicurn THF also con-
tained AdoMet-dependent MTase activity which gave pro-
tection against R.Haelll or R.MthTI (not shown). However,
this in vitro activity was lower than that observed in E. coli
extracts harboring pURMA4AR. These results demonstrate
that the meaTIR and mehTTM genes are both components of
the GGCC-recognizing R/M system MthTI.

M.ITrelll modifies the tetranuclectide target sequence at
the third position, yielding GG™*CC (22). Since DNA mod-
ified by M.MATI is resistant to digestion with R.Haelll
(Fig. 3B, lanes 2 and 4) and, vice versa, DNA modified by
M.Haelll is also resistant to digestion of the pURM4AM-
encoded R.MihTI (Fig. 3B, lanes 5 and 7), it is likely that
M.M:thTI modifies the target sequence at the same position
as that modified by M.Haelll.
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261  TTGGUATCATATAAGGE TGTCCAAGAC TUCAAMARFAGAAT BAACCAGA TG BUAGT TACATTAGAGS T TTCOTARAMGATEC TTTC TRCAATACATT TGATATABAARACAAAGACC TT
LGS YKEYQDSKHRHHNOMEYTLEYFLKDAFCHNTFDIEXKTDL

361 GTGTACAGTGAATACTTTTCTTACC TTEGAAATCAARATAACCCCCOCRACATBATCE TRAAGEGRGG TEACGCAG TTEAAG TCAAGABATAAL TGEAATAAAMACTTCGATTCAACTT
¥YYSEYFSYLGRONHWNPPOHILKGGEODAYEVYRKERKITGEIXTSIOQL

481 AACAGTTCATACCCCAAGTCAARGL TCT TYB TTTCTBACAGCABRA TAACAGAGE CTTECAAGAAL TG TGAAGATTGGGAGG TTAAAGACATAATATA T CCA TAGGRAL TATCCCARAL
S SYPKSKLFYSDSRITEAMCKNCEDWEY®XDIIYAILIGTIPN

- Scal MEATL
601 AGAGTCCTTAAGTTAATGTTITTTG TTTATGGGSAC TR TTACGCEECAAGCCCTTCTATCTACCAGARRAT T6 TTGAABAAG TAMAGGEGEE TCTACATAGTACTGECCTAGMTTTAST
RYLKLHFFYYBDCY AASPSIYQRT1TYEEYVYKSELHSTGELETFS

T2l GAMCAMACGAGCTAGRTAGAATTAACAGGS TAGACCC CCTGEGAATTACAGACC TAAGGGTACG TEETATGT GRATCATCAAACALCL CATAAAAE TRTTTAMAACATAATCCCCCCA
ETHNELGRINAVYVDPLEITDLRYRGEHMNIITIEKHPIKYFRNIIPFPP

B4l  GAATCAATTAAMATAATAAC TTTARTTTAATTGCCC TGATGARARCAGAGAAG TATAAACAATTTC CAAAAAMGATAGGAAMBAN T TEAGGLAGAAGATAATATCGAAG TTACCGAT
ESIKHNNFNLIALNKAEKYKQFPXKECRKRIEAEDNIEYTD
ik vie
961 GTAAAMATAARMAGATCCTBALAALCCTGCCAAACTAT TAGATAGCGTTC TIG TRAGE TATGA TEAAA TATGARTATRGACATAGCGTCATTTT TTTCGEETEC TRRAGRTCTCRAC TTAG
¥ X1 XD PDHZFPAKLLDSYLVRYDETI®* endmdiIR
start mEATI¥ H N M D E A S F F S &EAGGELDL

1081  GETTTACAMAASCAGETTTTAATATTGTCTIVEC TAACGACAAT TEEAAMG S TG TCRAAAMC TTTCRAAAMAAACCACSEAATAAARATAMTARAAAACCCATTGANT B TTARAA
EFTKAGFHNIYFANDRWEKECWKTFEXEREHGIKI]INKKPIEMWNLEK
Nsil
1201  CCTCAGMATALCTGACETGGTTEGT TTCATAGGEEGACCCCCATECCAGAGC TEGARCE TRBCAGS TTEAA TG TROGEERCAGACGACCOCCATRETAMMCATTTTATECATALG TEG
PSE]IPDVYVEGFIGEPPCQSWSLAGSMHMCGADDPRGHKTTFYATYY
Eell
1321 ATTTAGTCARAGAAMMAGATCCCCTATTTTTETTGELARAARALG TGLCAGGGATAGT TTCAAGAACACACC TCCCTRAAT TCARAAGAC TTGTAAAL TCATTCATAGACATAGES TACA
0t ¥KEKDPLFFLAEMNWNYPGIYSRTHLPEFXRLYNISFIODIGY
Kpnl
1441 ACGTAGAATATAAGGTECTCAACGCAAAGEAC TACBGOGT CCCALAAGACARAAARABGETC TTTATCGTCGEETACCETRAGBAL TTARMACCTARAATTTGAG TECCTAMCT TTTAA
HNYEYKYLHAKDYGYPOQODRKAYFIYEEYREDLANLEKFETFTPKEPL

1551  ACAMBAAABTEACCLTGAGGGACGE TATTEGTGACC TTCL TEAAL CCARGLTLELEE T IGAAMAAM CAG G TCAM TEBEGANAAL TTEBAAGTECCAAACCACEARTACATRACAGGEA
¥KKVTILRODAILIGDLPEPKPALESXKXMHNRSNGENLEYPHNHEYHNTE

1681  CATTTTCAAGCAGGTATATGTCAAGEAACAGGG TAACGAR TTGGRAT GAAGT TTCATTTACAR TTCAMGCGGEGEEECSC CATBCL CCATECCACCLACAGGL TARTAAATGATAAEE
TFS5S5SRYHSRMNRVRSHDEYSFTIOQABERHAPCH?PQANKHIK

1801 TEGRACCTGACAAGTTCATATTTGATCCABAAAGTCE TAACCC TACCECAGGT TATCCGTCCGCBAAT GCRCTAGRATACAAGGTTTTCCTEATRACTTTATATTCTATTATAAAMAACS

YeEPDKFIFDPESPEKPYRRLSVRECARIQEFPDDFIFYYKXKR®R

L

1521 TTGCASACGETTATACTATGE TTEGTARCEC TRTTCC TETGARATTAGCAGAAGAAL TAGCAAAAAAGA TAAMAAABAT TTAGABGGCG TTTTGARTTAGAAT TAGATTIETE TTATTY
YADGEYTHYERAVPYXLAEELAKKTXKDLEGVYLHNK®* entmtaTI¥

-
L

L]
2041  TTTTAAGGTCACAGABAGTAAAT TGCGAE TTE TAACCABGARCARTACCTCTTTTAAGBTCCTCTT TTAMGETCACAGAGAG TARAT TACHAG TTR TAACCAGRRACAATACCTCTTTTA.

2lel AGEm‘fmﬂmﬂEI'MLIJEWTMMWN&MWMTMTMHTMHEWHWHTHMW
2281 GAGATACTGTTCAACTECAAMAAGGTATTTATATTATAARAAATCAMCC TTTCATATATAAAATTTECAAGG T TY T TTACATGGCGAMA TACAAGAAG TE TYGAACAGAAAGATTTG
2401  CCTECTTTTECTACAAGBTRTCCCTRTTACAATE TC TCTETTACAAG TR TTACAAGTAGAAATTCAC TCTC TR TTTLCCAABCARTRGE TTATTTTITETTACAAGTAGAATTCACTCT
2521 CTCTGTCCCACCGTRGECCCATETECTTATATAGAAATTIGATATTAATTCTTTTCAATTAGAAA TATATATACAATAAGAAGT TATGATTACATATASAATGAGGTTT CGRATTE TAA
PstI Pstl
2641 AGTTGTATTGLEERGAGCT GCAGATETT TCAGARGAGACC TARAL T TT TEAAMAACAGEBATETCC TCAGCOCRCTCTTTE TECCTEACACCC TRCABEACAGAAAE BAAGAGE TERETE
Scal Xhot
276t CTATCAGCCAGTACTTGGGG TACATCL Y CEACGECGCCACT CCACLLCACCTE TTRATTE TABGELL CLLAGRATE THGGAAGAC TG TLACGACGAAG TATGTGA TCAALGAACTCBAS

FIG. 2. Nucleotide sequence of the 2,87%-bp HindIl-Xhol fragment of plasmid pURM4 and deduced améno acid sequences of the mhTIR
and meATIM genes. The potential ribosome binding sites are marked by asterisks. Putative archaeal promoters and terminator structures (4,
29) are indicated by lines and circles, respectively. Arrows denote the location of direct repeats downstream from mehTIM.
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FI1G. 3. In vitro ENase (A) and MTase (B) assays of extracts of
E. coli HB101 containing cloned mthTIR and mthTIM genes and
purified R.Haelll and M.Haelll. [A) Lanes: 1 and 3, DNA of phage
X and plasmid pUV1, respectively, incubated with extract prepared
from E. coli harboring pURM4AM; 2 and 4, same DNA as in lanes
1 and 3 but incubated with R.Haelll (10 U). (B) Lanes: 1 to 4,
plasmid pUV1 DNA incubaled under MTase assay conditions with
an extract prepared from £. cofi harboring pURMJAR with (lanes 1
and 2) and without (lanes 3 and 4) AdoMet and reincubated under
ENuse assay conditions with extract prepared from £. coli harbor-
ing pURMA44aM {tanes 1 and 3) and 10 U of R.Haelll (lanes 2 and 4);
5 1o 8, same as lanes 1 to 4 except that M.Haelll (2.5 1)) was vsed
in the MTase assay; %, undigested plasmid DNA from pUVL (1 ng).
Lane s, size marker phage A DNA (0.5 pg) digested with HindlI1.

Sequence comparison of RMATIL. The nucleotide and
deduced amino acid sequences of the R Mt Tl enzyme were
compared with published sequences of other GGCC-recog-
nizing endonucleases R.NgoPI (38) and R.BsuRl (14). In-
terestingly, extensive scquence identity was found between
R.MhTI and R.NgoPIT (Fig. 5}, and less, but still signifi-
cant, identity was found between short stretches of amino
acids of RMtAT] and R.BsuRI (data not shown). The high
degree of identity (Fig. 5) between R.MTI and R.NgoPIl
on the amino acid level (44.8% identity and 67.8% similarity)

1 2 A C G T

FIG. 4. Primer extension analysis of pUV]1 DNA digested with
R.Haelll (lane 1) or R.MihTI (lane 2). The primer used had the
sequence 5'-CTGTAGTTCAGGATC (positions 377 to 363 of plas-
mid pFV1) (24). Arrows indicate the extension product and its main
5" nucleotide derived from incubation with both ENuses. A shorter
extension product attributed to nonspecific termination is also
present. A DNA sequence ladder run in paralle]l is shown at the
right.
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L
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Crrgrgrrd
iiisiiiae
R.HgoPI1 MIQDSHMBDBIKHPNNPMMIHBL 273

FIG. 5. Amino acid sequence alignment of R.M#iTI and
R.NgePll. Lines denote identical amino acid residues, colons
indicate conservative replacements, and single dots represent gaps.
The alignment is based on the program BESTFIT of the University
of Wisconsin Genetics Computer Group software (7). Regions with
high amino acid identity are underlined.

and on the DNA level (53.3% identity) indicates a close
retationship between the two enzymes, which is also re-
flected in their similar sizes (about 32 kDa each). Several
highly conserved regions, comprising 13 to 34 amino acids
each with 69 to 76% identity, could be identified (Fig. 5).
Except for a conserved region located at the C terminus,
both cnzymes were most conserved in the central part.

Amino acid sequence comparison of M.MTI. Following
afignments of amino acid scquences of several m’C-MTases,
a common architecture of these enzymes was postulated and
10 conserved blocks of amino acid residues were identified
(19, 26). Those conserved domains are present with the same
sequential order in the M.MtATI protein sequence (Fig. 6).
In addition, the variable region between boxes VIII and
1X, which is belicved to be responsible for sequence speci-
ficity (19}, shared high similarity with the corresponding
region found in the four characterized monospecitic GGCC-
recognizing MTases (M. Haelll, M.NgoPIl, M_BsuRI, and
M_BspRI). These four MTases can be subdivided by size:
M_Hgelll and M.NgoPI1 (37.7 and 38.5 kDa, respectively)
and M.BsuRT and M.BspRI (49.6 and 48.3 kDa, respective-
ly). M.MthTI (37.4 kDa) showed the highest degree of amino
acid similarity {69.2 and 68.3%, respectively) with M. HaeTil
and M.NgoPIT {53 and 51.9% identity, respectively; for
comparison with M.NgoPIE, its alternative start site 12
amino acids downstream of the first Mct was chosen). These
high similarities arc also reflected on the nucleotide level
of the corresponding genes (55.3 and 53.9% identity, re-
spectively). Comparison of M.MthTI with M.BsuRI and
M.BspRI revealed 47.7 and 43.4% amino acid identity,
respectively. This extensive sequence identity and the sim-
ilar sizes of the cnzymes suggest a common ancestor for the
withTIM, haelliM, and rgoPHAM gones.

Although the overall similarity between the MTases with
GGCC specificity is very high, scveral residucs within the
conserved regions showed variations in the M_MHTI cn-
zymc. The most prominent one is a Pro residue at position 52
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FIG. 6. Amino acid sequence alignment of M_MthT1, M.Haelll,
and M.NgoPll, determined by using the program BESTFIT of the
University of Wisconsin Genetics Computer Group software (7).
The 11 putative N-terminal amino acid residues of the M.NgoPll
sequence have been omitted. The amino acids identical to those of
M.MhTI in sequences of M.Haelll and M.NgoPII are indicated by
asterisks. Single dots denote gaps. Regions marked I to X are
conserved blocks found in the aming acid sequence of m*C-MTases
according to Posfai and coworkers (26). Positions marked with
arrowheads represent unique amino acid substitutions in M.A¢hTI
compared with m*C-MTases and 5'-GGCC-recognizing MTases.

{box HI) of the M MthTI sequence, which is invariably an
Asp in all m*C-MTases analyzed to date (19, 26, 47).
Similarly, other single amino acid substitutions at invariant
positions of GGCC-recognizing MTases affect the local
charge, e.g., replacement of the positively charged Arg
residues by Pro and Thr residues at positions 114 (box VI)
and 303 (box X), respectively, of the M MATI enzyme. In
general, there is a tendency toward moare hydrophobic
substitutions in the conserved regions in the MM TI pro-
tein, although the overall hydrophobicity of M.MATI is
similar to that of M .NgoPII and M_Haelll.

DISCUSSION

In this report, we describe the identification and charac-
terization of the GGCC-recognizing R/M system MthTI from
M. thermoformicicum THF, which to the best of our knowl-
edge is the first published archaeal R/M system analyzed at
the nucleotide level. Characterization of the MTI R/M
system revealed new features with respect te its genomic
location, similarity to other R/M sysiems, and thermostabil-
ity. The mehTIR and mthTIM genes appeared to be located
on the 13.5-kb plasmid pFV1 isolated from M. thermofor-
micicurn THF (23). All plasmids isolated so far from meth-
anogenic bacteria are cryptic (4). Therefore, pFV1 is the first
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plasmid in methanogens that codes for identified enzymatic
activities.

It was previously reported that the ngoPIIM gene could be
cloned only in an wicrB E. coli host (37). This limitation was
attributed to the fact that the ngoP/IM gene encoded an
MTase that generates methylated DNA with the sequence
GG™°CC which is a substrate for the mcrB endonuclease.
Nevertheless, we could easily clone the MthTI system in E.
coli JM83, which is described as merB proficient {(47). Since
we observed that plasmids carrying the mthTIM gene were
only partially resistant to R.Haelll when propagated in E,
coli IM83, limited expression of the meh TIM gene could be a
simple explanation for the viability of this host. Alterna-
tively, it could be argued that M.MthTI did not modify the
target sequence to yleld GG™CC but that either GGC™C or

GGhmeChmeC (Mo s hydroxymethylcytosine) was pro-
duced However these options are not very likely because
R.Haelll is capable of cutting GGC™C (22) and DNA
modified by M Mt TT was resistant to cleavage by R.Haelll,
In addition, hydroxymethylation of cytosine has not been
described for type 11 MTases.

Plasmid pURM4AM, which contains only the mzhTIR
gene, could be maintained in a modification-deficient E, coli
strain. Similar results have been described for the cloned
pstiR and tagiR genes (10, 34). Since we found partial
activity of R.MeRTI at 37°C, E. coli must contain efficient
mechanisms to prevent cleavage by RMRTI or to repair
cleaved DNA. This protection appears not te be complete,
since only low amounts of pURM4AM DNA could be
isolated and appeared to be partially degraded.

The thermophilic methanogens M. thermaformicicum and
M. thermoautotrophicum are related species {40). It has
been shown that M. thermoautotrophicum and other ther-
mophilic bactetia contain low levels of m*C (8). This has
been explained by the fact that those organisms avoid
production of m*C because high temperatures favor deami-
nation of m°C (m*C—T), which would result in a point
mutation (8). The presence of an m*C-MTase in M. thermo-
formicicion. THF suggests the presence of a mechanism
either to avoid deamination of m>C ot to repair mismatched
DNA.

Since M. thermoformicicum is a thermophilic organism, it
was not unexpected to find that its MthTI system showed
activity at 65°C, the optimal growth temperature of the host.
In fact, we found that RMATI is highly active even at
temperatures up to 75°C gunpublished results). All other R/M
systems encoding an m*C-MTase have been isolated from
mesophilic organisms (45). The observation that R.MthTI
and M MhTI enzymes extracted from E. coli could be
assayved at high temperatures in standard buffer systems
indicates that the thermostability of the MtATI enzymes is an
intrinsic property. In the absence of a three-dimensional
structure, comparison of primary sequences derived from
homologous mesophilic and thermophilic proteins may give
some indications as to the basis for thermostability, In
general, thermostability of proteins can be attributed 10 an
increased conformational stability. This may be realized by
interactions between different parts of the protein, mediated
by hydrophobic, clectrostatic, or other interactions, that
prevent denaturation at high temperatures (11). Notably,
two kinds of differences which could contribute to such
interactions were observed when the protein sequences of
the M Tl system were compared with those of their meso-
philic counterparts (Fig. 5 and 6). Bath R.MhTI and
M.MehT! showed a shift of charged amino acid residues
from the N-terminal 10 the C-terminal part of the protein
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compared with the other enzymes, whereas the overall
charge of the proteins remained the same. In addition, single
amino acid substitutions in conserved regions of M_MthTI
tend to be less polar residues.

The M M:t2TI enzyme shares extensive amino acid simi-
larity with the other GGCC-recognizing monospecific
MTases M.NgoPlI and M.Haelll in conserved regions that
are expected to be involved in substrate binding and recog-
nition of the target sequence (19, 26) and methyl group
transfer {6). This finding suppotts the conclusions drawn
from analyses of several other R/M systems that the
C-MTases seem to have evolved from a common origin [18).
In contrast, ENases, even those with same sequence speci-
ficity, are usually different, indicating different evoluticnary
origins. The M#hTI system is an exception, since R.MthTIL
showed a high degree of similarity to R NgePIl isolated from
N. gonorrhoeae, R.AMhTI and R.NgoPII are similar in size
and are encoded by genes that have the same orientation
with respect to the corresponding MTase gene, The same
organization and homology to the NgoPII system was re-
ported for the isospecific R/M system FruDI from Fusobac-
terium nucleatum D, but unfortunately its sequence has not
been published (43). In contrast, the R.Haelll protein se-
quence did not show similarities to that of R.NgoPII and
thus is probably also different from the R.Af#hTI protein
sequence, in accordance with the different organization of
the Heelll R/M system (45).

The high similarity at the protein and DNA lewels and the
identical organizations of the MeATI and NgoPIl R/M sys-
tems strongly suggest that the entire systems have been
derived from a commeon ancestor and disseminated via
horizontal gene transfer. Since M. thermoformicicum be-
longs to the domain.4rchaea and N. gonorriiceae belongs to
the domain Bacteria, this conclusion implies that gene
transfer had occurred between these evolutionarily different
groups of prokaryotes (46). If so, it is reasonable to assume
that the direction of transfer is from the thermophilic M.
thermaformicicum to the mesophilic N. gonorthoeae rather
than vice versa, since the Me¢hTI system is also active at low
temperatures and would immediately confer a selective
advantage when transferred to a mesophilic host. This is not
to be expected when an R/M system from a mesophilic
bacterium is introduced into a thermophilic organism.
Among the possible avenues for gene transfer, transforma-
tion by DNA released into the environment is a likely one,
especially since V. gonorrhoeese shows a natural compe-
tence for DNA uptake (5). Conjugation, however, cannot be
excluded since it is known to play a significant role in gene
transfer between distantly related organisms, including pro-
karyotes and eukaryotes (21). It is tempting to speculate that
the plasmid location of the MthTI system in M. thermofor-
micicum THF has been involved in the presumed transfer.

Comparison of the MthTI and NgoPIl systems at the
nucleotide level revealed that the high level of sequence
identity did not extend beyond the coding regions of the
ENase and MTase genes and could reflect the requirememt
for appropriate, host-specific expression signals, which are
known to be very different between members of the Archaea
and Bgcteria (4).
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ABSTRACT

Two CTAG-recognizing restriction and modification
(R/M) systems, designated MthZl and MihFl, were
identified in the thermophillic archaeon Methano-
bacterium thermoformicicurmn strains Z-245 and FTF,
respectively. Further analysis revealed that the methyl-
transterase (MTase} genes are plasmid-located in both
strains. The plasmid pFZt-encoded mthZIM gene of
strain Z-245 was further characterized by subcloning
and expression studies in Escherichia coli followed by
nucleotlde sequence analysis. The mthZIM gene is
1085 bp in size and may code for a protein of 355 amino
acids (M, 42,476 Da). The deduced amino acid
sequence of the M.MthZl enzyme shares substantial
similarity with four distinct regions from several m*C-
and m®A-MTases, and contains the TSPPY motif that
is so far only found in m*C-MTases. Partially
overlapping with the mthZiM gene and in reverse
orientation, an additional ORF was identified with a size
ot 606 bp potentially coding for a proteln of 202 amino
acids (M, 23.710 Da). This CRF is suggested to encode
the corresponding endonuclease R.MEhZI.

INTRODUCTION

Restriction and modification (R/M) systems are widespread
among prokaryotes (1) and have been identified in about 25%
of the preseatly examined species (2). Their major function is
proposed to be the protection from contamination by DNA of
foreign origin, particularly derived from bacteriophage infection
(3). The most common R/M systems are those of the type 11,
consisting of two enzymatic activities, an endodeoxyribonuclease
(ENase) and a DNA-methyltransferase {MTase), which both
recognize an identical short DNA sequence (2). Genelic
characterization of type Il R/M systems have shown that the
ENase and MTase genes most often are closely linked (2, 4).

Three types of MTases, forming different methylation
products, can presently be distinguished: those generating

5-methylcytosine {m°C), Nd-methylcytosine (m*C), and
N6-methyladenine (m®A) (2). Based on their amino acid
similarities, those MTases can be grouped into two families, the
m*C- on the one and the m*C- and mbA-producing MTases on
the other hand (5—9). In contrast to the MTases, ENases usually
do not share significant similarities on protein sequence level,
except for some isoschizomeric enzymes (10—12).

The thermophilic methanogen Methanobacterium
thermoformicicum belongs to one of the three fundamentally
different groups of living organisms, the domain Archaea,
distinguished from the Bacieria and the Eucarva by various
unique characteristics (13, 14). Several strains of the species
M. thermoformicicum were found to harbor partially homologous
plasmids (15). One of these plasmids, plasmid pFV 1, carries the
genes for the GGCC-specific MthTI R/M system of
M. thermoformicicum strain THF (12). In the present report, we
describe the identification of two CTAG-recognizing R/M
systems, designated MthZl and MrhFl, in M. thermoformicicum
strains Z-245 and FTF, respectively, and the characterization of
the plasmid-enceded mthZiM gene.

MATERIAL AND METHODS
Bacterial strains, vectors, and growth cenditions

M. thermoformicicum strains Z-245 (DSM 3720), FTF {(DSM
3012), THF (DSM 3848), SF4 (K. Yamamoto, Osaka City
University, Japan), FFL (15), FF3 (15) and CSM3 (16) were
cultivated on Hy/CO; as the sole carbon and energy source as
described previously (15). Escherichia coli strains DH5« (Life
Technologies) and HB101 (17) were used for subcloning and
propagation, respectively, of derivatives of plasmids pUCIS and
pUCI9 (18). E.coli TG1 (19) served as host strain for phages
M13mpl8 and M13mp19 (18). The E. cofi strains were routinely
grewn in L-broth {20) at 37°C. If appropriate, ampicillin (50
ug/ml), .isopropyl-8-D-thiogalactopyranoside (I mM), or
5-bromo-4-chloro-3-indolyl-8-D-galactoside (0.004%) was added
to the culture medium.

* To whom corresp e should be add

%
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DNA manipulations and sequence analysis

Restriction endonuclease Mael was used as recommended by the
supplier (Boehringer Mannheim, Germany). All other restriction
enzymes, T4 DNA ligase and Klenow DNA fragment were
purchased from Life Technologies Inc. (Gaithersburg, Md.).
DNA manipulations in E.coli were performed following
established procedures (20). Total DNA was isolated from
M. thermaformicicum as described previously (15}, For nucleotide
sequence determination, DNA fragments were isolated from
agarose pels using a Geneclean kit as described by the supplier
(Bio 101, La Jolla, Calif.) and subcloned into M13mp18/19. The
nucleotide sequences of overlapping fragments of both strands
were determined by the dideoxy chain termination method (21)
with the Sequenase kit according to the recommendations of the
supplier {United Siates Biochemical Corp. Cleveland, Ohio).
[e-**P]dATP (110 TBq/mmol) was purchased from Amersham
(UK). Computer analysis of the sequence data was done with
the GCG package version 6.0 (22} and the CAOS/CAMM
facilities at Nijmegen, The Netherlands.

MithZ] plasmid constructions

Plasmids pUZ5 and pUZ8 (Fig. 1) were derivatives of pUCI9
which contain Kpwl-fragments of 2.1 kb and 3.7 kb, respectively,
derived from plasmid pFZI from M.thermoformicicum strain
Z-245 (15). Plasmid pUZ8ANsi (Fig. 1) was constructed by
digestion of pUZ8 with Nsil followed by treatment for 30 min
with Klenow DNA polymerase in the presence of all four dNTPs
(2 mM each) to remove 3'-overhanging ends. After ligation the
DNA was used to transform E. coli HB101 cells. The resulting
frameshift mutation in plasmid pUZ8ANSsi was confirmed by
restriction and sequence analysis (data not shown).

Several attempts failed to directly clone the 3.6 kb Ss[-Psil
fragment from plasmid pFZ1 (Fig. 1) into pUC18/19. Therefore,
a plasmid thal carries this fragment containing the mtiZIM gene
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and open reading frame X (ORF X) was constructed on the basis
of cloned pFZ1 DNA. For this purpose, pUZS5 and a derivative
of pUZ&, which contained the 3.7 kb Kpnl-insert in opposite
orientation relative to the pUC19-located lacZ-promoter, were
used. For some manipulations, sites present in the polylinker of
the vector parts were employed. First, a 2.3 kb Ssel-Hindlll
fragment of plasmid pUZ8 was cloned into pUC18 digested with
Sstl and Hindlll 1o yield plasmid pUZ12 (Figure 1). A short
fragment of the palylinker lacated at the 5'-site of the truncated
ORF X was removed from plasmid pUZ12 by digestion with
Smal and Psd. Subsequently, a 1.2 kb Smal-Psil fragment
containing the 5'-part of the ORF X gene was isolated from
plasmid pUZS and inserted into the digested pUZ12 resulting
in plasmid pUZ15. Due to this cloning strategy, which was
chosen to avoid a possible lethal effect of transforming E.coli
with a plasmid carrying an intact ORF X, plasmid pUZ15 harbors
an ORF X that contains a frameshift mutation caused by a 14
bp Kpal-Smal-Kpnl potylinker fragment. Digestion of plasmid
pUZ15 with Kpnl removed the 14 bp fragment and religation
restored wild-type sequence in the pFZ1-derived insert DNA,
resulting in plasmid pUZ17 (Figure 1). The integrity of the pFZ1
DNA at this location in pUZI17 was confirmed by sequence
analysis (data not shown).

Preparation of cell-free extracts

Approximately 0.1 g frozen cells of M. shermoformicicum strain
Z-245 or FTF were resuspended in 0.5 ml lysis buffer (0.1 M
NaCl, 0.01 M EDTA, 0.01 M §-mercaptoethanol and 0.05 M
Tris-HCl pH 7.6) and disrupted by sonication. After
centrifugation for 2 min at 15000 x g, the supernatant, which
contained about 3.5 to 5.0 ug protein/ul, was collected, mixed
with 1 vol glycerol and stored at —20°C before use. The extracts
were found to be stable for at least 12 month without loss of
the R/M activities.



Analysis of the MthZI and MhFI ENase and MTase activities
The in vitro activities of the M#ZI and MthFI systems were
assayed essentially as described previously (12) with extracts
prepared from M. thermoformicicum strains Z-245 and FTF. The
buffer used under ENase conditions contained 0.1 M Na(l, 6.2
M KCl, 0.01 M MgCl,, 0.001 M dithioerythritol and 0.05 M
Tris-HCI pH 7.6. As methyl-group domor 0.8 mM §-
adenosylmethione (AdoMet) was used under MTase conditions.
All assays were performed at 55°C. When specified, the ENase
assays were deproteinized prior to agarose gel electrophoresis
by incubation with proteinase K (0.1 mg/ml; Boehringer GmbH,
Mannheim, Germany) in the presence of 0.5% sodium dodecyl
sulfate for 15 wmin, followed by extraction with
phenol/chloroform. Subsequerxly, the DNA was precipitated with
ethanol and resuspended in ENase buffer. As substrate for the
R/M enzymes, phage h DNA and plasmid pUZ3, consisting of
a 6.5 kb Smal-fragment of plasmid pFZ1 from
M. thermaformicicum strain Z-245 (15) cloned into pUC19, were
used.

Primer extension

Primer extension was carried out as described previously (12).
DNA from plasmid pUV1 that consists of a completely
sequenced, 7.4 kb Xhol-Ssi1 fragment of plasmid pFV1 from
M.thermoformicicum strain THF cloned into pUC19 (12, 16),
was digested with R.MthZI or R.Mael and used a template for
extension of a primer (5'-CTGTAGTTCAGGATC) that binds
to position 375 to 361 of the insert of pUVIL.

RESULTS

Identification of the M¢hZI and Mth¥I R/M systems
Following the characterization of the plasmid-encoded restriction-
modification system MthTI from M. thermaformicicum strain THF
{12) we also analyzed other thermophilic members of the genus
Methanobacterium for the presence of ENase activity {Table 1).
Extracts prepared from M. thermaformicicum strains Z-245 and
FTF, incubated with phage M- or plasmid plUZ3 DNA under
ENase conditions, were found to produce discrete DNA
fragments indicating the presence of site-specific ENase activity
(Figure 2A). Identical DNA patterns were derived from ENase
activity of strains Z-245 and FTF, which was designated R. MR Z1
and R.MiAFI, respectively. In addition, ién vifro methylation
assays showed that the cell-frec extracts of both strains exhibit
AdoMet-dependent MTase activity that generated at least partially
modified pUZ3 DNA (Figure 2A, lanes 2—12). Since this DNA
methylation affects the ENase activities of strain Z-245 and FTF,
it follows that the DNA is medified by the corresponding MTases
M.MthZ] and M.MFI, respectively. To verify the in vive
activity of both MTases, total DNA isolated from
M. thermoformicicum strain Z-245 or FTF was incubated with
extracts prepared from either strain. Figure 2B illustrates that
DNA from strains Z-245 and FTF was resistant to digestion with
R.MthZI (lanes 2, 3) but not with R.Kpnl which was used as
a control (lanes 4 .5). Similar results were observed using
R.MihFI (data not shown). The resistance of DNA from strain
Z-245 and FTF to digestion with ENase from either strain
confirmed the in vivo activity of M.MthZl and M.MtFL. In
contrast, DNA isolated from strain THF, which carries the
GGCC-recognizing MihTI system (12), was sensitive to R.MthZl
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Table 1. Distribution of plasmid DNA and ENase activity in M.thermoformicicaem

Strain Plasmid Recognition Reference

(kb) sequence of

ENast activity

Z-245 pFZ1 (11.0) CTAG This work
FIF PFZZ (110)  CTAG This work
THF pFV1 (13.5) GGCC i)
FFL, FF3,
CSM3, SkF4 - - This work
(Figure 2B, lane 1). These results indicate that

M. thermoformicicum strains Z-245 and FTF each harbor a R/M
system, designated MthZI and MhFI, respectively, with identical
sequence specificity.

Sequence specificity of R.MAZI and R.MtFI

In order to determine the recognition sequence of R.MthZI and
R.MthET we compared the restriction patterns produced by these
ENases with those produced by several commercially available
ENases. We identified the CTAG-recognizing ENase R.Mael as
an isoschizomer of R.MrhZI and R.MthFl since it generates
restriction patterns identical to that produced by the
M. thermoformicicum enzymes using phage A- or plasmid pUZ3
DNA as substrate (Figure 2A, lanes 2—4 and 6—8). For some
of the restriction fragments generated by digestion with extracts
from the M. thermoformicicum strains, slightly aberrant mobilities
were observed if samples were not deproteinized before gel
clectrophoresis, i.e. large fragments show an increased and small
fragments a decreased mobility (see Figure 2A, lanes 1 and 5
for results with Z-245 extract). This most likely is due to
components in the extracts with similar properties as the histone-
like DNA binding protein HMt from M.zhermoautotrophicum
strain AH (23).

Since bath R/M systems MtRZI and MthFI recognize the same
target sequence, MthZI from strain Z-245 was used for a more
detailed analysis. The exact cleavage position of R.MthZI was
determined by primer extension experiments. The extension
products of R.MrhZI and R.Mael digested DNA had identical
sizes {Figure 3). Considering that the 5’-overhanging ends
generated by both ENases were filled up by Klenow DNA
polymerase and therefore the 3'-nucleotide of the extension
products represent the 5'-nucleotide of the cleavage sites,
compatison of the extension products with the parallel run
sequence ladder revealed that both ENases cleave the target
sequence to yield CITAG.

Identification of the mthZIM gene

M. thermoformicicum strain 2-245 and FTF harbor identical or
nearly identical plasmids, pFZ1 and pFZ2, respectively, which
are partially homologous to plasmid pFV1 isolated from strain
THEF (15). Since the R/M system MzhTI of strain THF is located
on plasmid pFV! (12} and no ENase activity was detected in
extracts prepared from other M.thermaformicicim strains that
lack plasmid DNA (Table 1}, we anticipated that the R/M system
MhZI of strain Z-245 could be located on plasmid pFZ1. To
study this possibility, cloned plasmid pFZ1 DNA was tested for
in vive modification by incubation with Z-245 extract and
subsequent analysis on agarose gel. All plasmids containing pFZ1
DNA were sensitive to R.MthZI except one, pUZB, which was
only partially digested with R.MrRZI despite the presence of
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multiple R.MrhZl sites in at least the vector part of pUZ8. The
protection against digestion with R. MthZ1 was even higher when
E.coli HB101 was used to propagate plasmid pUZ8 (Figure 2B,
lane 7). In addition, we tested pUZB DNA for sensitivity to
R.Xbal since its target sequence TCTAGA includes the CTAG
site recognized by R.MihZI. Sequence analysis (sce below)
showed that pUZE contains twa R. Xbal restriction sites, one in
the insert and one in the vector part. Plasmid pUZ8 was—in
contrast to other plasmids tested—partially resistant to digestion
with R.Xbal (Figure 2B, lane 11). In contrast, plasmid
pUZ3BANsi, which contains a frameshift mutation, was found to
be sensitive to digestion with both R.M#ZI and R.Xbal
(Figure 2B, lanes 8, 12). These results indicate that pUZ8
encodes a MTase activity which modifies the R.MiAZI and the
R Xbal recognition sites. Subcloning of pUZ8 DNA followed
by R.MzhZI digestion allowed the location of the mthZIM gene
on a 2.3 kb Sstl-Kpnl fragment, contained in plasmid pUZ12
(Figure 1). Although the in vivo medification of DNA containing
the mthZIM gene clearly showed that this gene is functionally
expressed in E.coli, no activity of M.MthZ1 was observed in in
vitro assays performed as described earlier (12).

Sequence anzalysis (see below) revealed that the insert of pUZ12
contained, in close proximity to the mthZIM gene, part of an open

s 1234506 7 8 910111213

reading frame (ORF X) which is a good candidate for the
corresponding mthZIR gene. To exclude the possibility that the
ENase gene is truncated in pUZ12 we constructed plasmid pUZ17
that contain the mthZIM gene and the entire ORF X (Figure 1).
However, neither ir vitre using cell-free extracts nor iz vive in
restriction assays using bacteriophage A, ENase activity was
observed with E.coli HB10! harboring either plasmid pUZ17
or pUZI12 (data not shawn).

Nucleotide sequence of the mthZIM gene

The complete nucleotide sequence of the 3561 bp SsA-Psi insert
of plasmid pUZ17 has been determined. Anzlysis of the sequence
revealed two large, converging and partially overlapping ORFs.
The first ORF contains an ATG start codon at position 779 which
is preceded by a poiential ribosome binding site (RBS; position
770 through 775), and a TAG stop codon at position 1844. It
could code for a polypeptide of 355 amino acids (M, 42,476
Da). Since plasmids containing this ORF were resistant to
digestion with R, MshZI but became sensitive to this ENase when
a frameshift mutation was introduced (pUZ8ANs1), we conclude
that it represents the mthZIM gene. The second ORF, designated
ORF X, is located on the complementary strand and ranges from
position 2488 1o the termination codon TAA at position 1837.

s 123 4 35 6 7

8 91011121314 ¢

Figure 2. In vitro (A) and in vive (B) activities of the MiAZI and MchF1 R/M systems, (A) Lanes 1—8, ENase assays using extracts prepared from strain Z-245
(lanes 1, 5, not purified, lanes 2, 6, deproteinized), FTF (lanes 3, 7, deproteinized) and 5 Units R.Mae¢l (lanes 4, 8) with phage A DNA (lanes 1—4) and pUZ3
DNA (lanes 5—8) as substrate; lanes 9—12, pUZ3 DNA incubated under MTase assay conditions with Z-245-extract (lanes 9, 11) and FTF-extract (lanes 10, 12},
with (lanes 9, 10) and without AdoMet (lanes 11, 12) followed by digestion with R.MihZ! (lanes 9, 11) and R.MAFI (lanes 10, 12). Lane 13, undigested plasmid
pUZ3 DNA {1 ug). Lane s, size marker phage x DNA (0.7 pg) digesied with R.FfindTll. (B) Lanes 1—5, about 0.5 kg total DNA isolated from M. thermoformicicum
strain THF (lane 1), Z-245 (lancs 2, 4) and FTF (lanes 3, 5) incubated under ENase conditions with extract prepared from strain Z-245 (lanes 1 —3) and R.Kpnl
(lanes 4, 5). Lanes 7—14, about 1.0 pg plasmid pUZE (lanes 7. 9, 11, 13) and pUZBANsi DNA (lanes 8, 10, 12, 14) incubated under ENase conditions with extract
prepared from strain Z-245 (lanes 7, 8), R.Mael (lanes 9, 10), R.Xbal (lancs 11, 12), and R.Kpnl (lanes 13, 14). Lanc 6, undigested plasmid pUZ8 DNA (L.¢

pg). Lane s, size marker phage A DNA (0.7 xg) digested with R.HirdIlL.
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A potential start codon (GTG at position 2443) is preceded by
a sequence that may serve as RBS (position 2454 through 2449)
If the GTG is used, the ORF X encodes a protein of 202 amino
acids with a calculated molecular mass of 23,710 Da.

The regions flanking the mthZIM gene and ORF X were
analyzed for archaeal transcription signals. Within an AT-rich
250 bp region preceding the mthZIM gene, that contains several
direct repeats, various DNA stretches with similarities to the
essential TATA box of archaeal promoters could be identified
(24, 25). Inspection of the upstream region of the ORF X revealed
no obvious promoter-like sequences. Downstream of m#hZIM and
ORF X, a conserved archaeal transcription termination signal
consisting of a T-rich stretch (26) was identified.

Protein sequence comparisons

The deduced amino acid sequence of the M. M*hZI protein was
compared to that of known sequences of other MTases. No
significant homology was observed with MTases that produce
m3C. M.MthZI shares, however, similarities with distinct

1 2. ACGT

l

HOOOHPRQPRFPO0

A

3_ Primer extension analysis of the R, Mzl cleavage-site. Plasmid plfv1
DNA, digested with R.Mael (lane 1) and R.MHZ] (lane 2), respectively. was
used as templase for extension of the primer. Arrows indicate the major extension
product and its corresponding muclestide derived from incubation with both ENases.
A shorter extension product attributed to aspecific termination is also present.
A DNA sequence ladder run in parallel is shown at the right.
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regions from several m*C- and mfA-MTases. The MTases
showing the highest similarity with M.MthZ] include M. BamH2
(27), M.BamHI (9), M.Smal (28) and M.Cf91 (7), all of which
were proven or assumed to be m*C-MTases, and two
representatives of the m®A -MTase family, M.Hinfl (29) and
M.Rsr (30). Four blocks with conserved amino acid motifs,
similar to those reported by Brooks et al. (1991), could be
identified (Figure 4). The longest conserved segment, block D,
contains the FXGXG-motif (motif DII in Figure 4; X = variable
amine acid) common (o almost all MTases (6—8). Block B
contains the (S/D)PP(Y/F) motif which is present in all mbA-
and mAC-MTases (7, 9, 31). Block A is less conserved in
M.MHZL but is, similar to other mSA- and mAC-MTases,
located at the N-terminus and contains the characteristic DXXE
motif.

In addition to the conserved amino acid motifs identified by
Brooks et al. (1991), the profein sequence comparison data
revealed two other amino acid regions, which were found to be
conserved in all m*C-MTases (7, 27, 28, 32), except for
M.Muval (7), and in several mSA-MTases such as M. Hinfl (29;
Figure 4). Both regions are flanking the FXGXG motif (DII).
One region, DI, contains the motif (P/S)XX(L/M)Y (Y =
hydrophobic, non arcmatic) and is located 22 amino acids N-
terminal from the ence FXGXG, whereas motif DIII,
RXX(IV)IG/S)XEX, (R/K), is located 11 amino acids C-
terminal from the FXGXG sequence. This latter motif contains
three highly conserved charged residues.

Comparison of the amino acid sequence deduced from ORF
X revealed no significant homology with other protein sequences

" found in the data base.

DISCUSSION

This report describes the identification of two novel R/M systems
with the same sequence specificity, MthZI and MthFI, from the
archacon M. thermaformicicumn. In addition, the characterization
of the first CTAG-recognizing methyltransferase, M.MthZI, is
presented. Both MthZI antl MihF1 R/M systems are produced
by two plasmid-harboring strains, Z-245 and FTF, respectively.
Further analysis revealed that the mthZIM gene is located on the
11 kb plasmid pFZ1 of strain Z-245 (15). Since the plasmids

A B C
M.MER2T ENSADMNELKDKS 22 INLVV | TSPPY|PMVE 136 EVDRVTAPGGVVIINIGD 93
M.DapH2 IHNN+CVQFMEEN 18 *DATH | kkwkdk |ODLR 23 ALY **4KEdkk e VRV 5S¢
K.BanHI LYRG*CL*#FKOV 131 VDTIF|AD**F{NNLD 151 WCIA+LE¥#*SLF#YKIP 1983
M.Smal LDLF*QT#ECLE+ 20 FDCh# . dkdas | WGLR 57 D*RATLEDDWTLWLA4%% 101
M.Pvull MYIGH#SLw4LESF 42 *Gh4M|AxkAF|ALQR 60 VANKKLXA[D*SFVVDF2G 99
M.HinfI ILKG*CI®KLKTI 25 *D*IF |AD%##x|F*QT 43 *CK+ILKST*SIWVIGSF 9B
o
(2 DII DILI
M. MthZI PFELA | YRLINMYSIMGDWVLOP | FLGTG | TTMIAAACAG |RNSIGYELDHNFKDLIESR|I 275
M. BamH2 *ER#% | EDM* LSWARE** [ %[k | ¥MSh | **AKM&*LHN | #KY #*T*ISKEYCATANE& L 244
H.BamHI SVK*L [ D*TAT#STNEXAVA &4 | kGa Sk | 4} FAVSEML* | *KW#*F#*GNCEIIKERLK [N 361
M. Spal *R&M#A | RLCVLAG#*RP*GK% 24% | # PGk | # #GVVOQELD | *ECV# I+ *NEEYAS*AKE* |4 289
M.PvyIl *AKAP | EFFYRALTEPDALAV] | ¥G*5N | 4 #GLVAERES | *KWASF*MKPEYVAASAPX{F 308
M.HINLI [ES*L|*KVALSSHKPNAVEEws | AFwsd | R+ GAVEKALY [ #hY ¥ v T4REQKYI#VA*K#|L 255

Figure 4. Local amino acid sequence alignment of M.MthZ] and other DNA mzthylrmnsferases Amino acid sequences of four conserved

{A=D) from

M.MZI, M.BamH2, M.BamH], M.Smal, M.Pvll and M.Hinfl are shown. Region D is subdivided into three conserved amine acid blocks (DI-DIID). Residues
identical to those in M. MthZ1 are denoted by asterisks. Amino acid motifs mentioned in the text are blocked. Numbers at the end of each line indicate the position

of the last amino acid in the region.
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pFZI1 and pFZ2 of the strains Z-245 and FTF are highly similar
(15), it is very likely that the M.MthFI enzyme is also encoded
by plasmid pFZ2. Indeed, pFZ2 DNA showed strong
hybridization with the mthZIM gene as probe (data not shown).
In addition to the GGCC-specific, plasmid-located MthTI system
of strain THF (12}, the MthZI and MthFl systems represent
another class of plasmid-encoded R/M systems in
M. thermoformicicum. Since no ENase or MTase activity could
be detected in other M. thermoformicicum isolates that appeared
to be plasmid-free (Table 1), this would suggest that the
occurrence of R/M systems in these methanogenic Archaea
depends on the presence of extrachromosomal DNA elements.

Extracts prepared from M. thermoformicicum strains Z-245 and
FTF contained high ENase and low MTase activities. The cloned
mthZIM gene could be functionally expressed in E. coli as shown
by ir vive medification of vector DNA carrying the complete
mthZIM gene. No activity was, however, detected in in vitro
MTase assays using extracts prepared from different E. coli strains
with the mthZIM gene in either orientation with respect to the
lacZ promoter of the vector. Since the Jin vitfro MTase conditions
used worked adequately with extracts prepared from the
methanogenic hosts, a low expression level of the meiZIM gene
or instability of the M. MthZI protein in E.coli could explain the
inability to detect in vitro activity.

Comparison of the deduced amino acid sequence of the
M. MihZ] protein revealed four regions with significant similarity
to m*C- and mSA-MTases but not to mSC-MTases (Figure 4).
Sequence comparisons did not reveal motifs that would allow
a clear discrimination between m*C- and m®A-MTases.
However, the deduced protein sequence of M.MthZI contains
the TSPPY motif which so far has only been found in m*C
producing MTases (7, 28, 29, 32}.

The recognition sequence CTAG of MrhZI and MthFI forms
the core of the sequence TCTAGA, the target of the Xbul R/M
system. We observed that DNA is protected to a similar extent
against cleavage by either R.Xbal or R.MHZI when it is
methylated by M.MHZI. If M.MthZ] is a m*C-MTase, it would
modify the Xbal-site to yield T™CTAGA. Alternatively, if
M. MthZI generates mPA, it would modify the XEal-site to yield
TCT™SAGA. Either modification pattern of the Xbal-site would
be, in addition to the three already described (33, 34}, a fourth
one that prevent cleavage by R.Xbal.

Partially overlapping with the mthZIM gene and in opposite
orientation, another ORF, ORF X, was identified. Although we
have no direct evidence, ORF X could well represent the
corresponding mehZIR gene. In favour of this possibility are the
findings that (i) ENase and MTase genes most often are closely
linked (2), (ii) the size of the protein encoded by ORF X is similar
to that of other ENases, (iii) the nuhZIM gene and ORF X
constitute a 1.9 kb module in plasmid pFZ1 that is absent in
plasmid pFV1, which in turn contains at this location a unique
fragment encoding the MtATE R/M system of strain THF (12,
16), and {iv) no ENase activity was observed in other, closely
related strains of M. thermoformicicum that lack plasmid DNA
(Table 1). The failure of detecting the expected ENase activity
in E.coli might be ascribed to a low expression level of ORF
X because of its unusual start codon GTG (35).

Among the large number of identified R/M systems (1) only
four have previously been found to recognize the same sequence
as MthZl and MiRFI (1, 2, 36, 37) indicating that CTAG is a
rarely occurring target. Two of those systems, Mael and Mjal,
were identified in the methanogens Methanococcus aeolicus (36)
and Methanococcus jannaschii (1). This suggest that, together

with the here described MZI and MhFI, R/M systems
recognizing CTAG are more common in Archaea than in
Bacteria.

ACKNOWLEDGEMENT

We thank Rik Eggen for helpful discussions and advise on the
manuscript.

REFERENCES

L. Roberts, R.J. (1990) Nucleic Acids Res. 18, r2149—r2365,

2. Wilson, G.G. and Murray, N.E. (1991} Annu. Rev. Genet. 25, 585—627.
3. Kriger, D.H. and Bickle, T.A. (1983) Microbiol. Rev. 47, 345-360.
4. Wilson, G.G. (1991) Nwcleic Acids Res. 19, 2539-2566.

5. Lauvster, R., Kricburdis, A. and Guschlbauer, W. (1987) FEBS Lett. 220,

167 - 176.
Lauster, R. (1985) I. Mol. Biol. 206, 313~321.
. Klimasauvskas, S., Timinskas, A., Mcnkevicus, S., Buikiene, D Butkus,
V. and.lanulml.s A {1989) Nl.lclenc Acids Res. 17 9823
. Posfai, J., Bhagwat, A.S., Posfai, G. and Roberts, R.J. (l%9)Nuclechmds
Res. 17, 2421-2435.
. Brooks, J.LE., Nathan, P.D., Landry, D., Sznyter, L. A., Waite-Rees, P.,
ves, C.L., Moran, L.S., Slatko, B.E. and Benner,J.S. (1991) Nucleic Acids
Res. 19, 841 —850.
10. Stephenson, F.H., Ballard, B.T., Boyer, H.W., Rosenborg, .M. and Greene,
P (1989) Gene 85, 113

11. Kapfer, W., Walter, J. and Trantner, T.A. (1991) Nucleic Acids Res. 19,
61576463,

12. Nélling, J. and de Vos, W.M. (1992) J. Bacteriol. 174, 57195726,

13. Woese, C.R., Kandler, O. and Wheelis, M.L. (1990} Proc. Nad. Acad.
Sci. USA 287, 4576—4579.

14. Zillig, W. {1991) Current Opinion in Genetics and Development 1, 544 —551.

15. Nolling, J., Frijlink, M. and de Vo5, W.M. (1991) ). Gen. Microbiol. 137,
1981 - 1986.

16. Nélling, J. (1992) Ph.D. thesis, Wageningen Agricultural University, The
Netherlands (in preparation).
17. Boyer, H.W. and Rouliand-Dussoix, D. (1969) ). Mol. Biol, 41, 459472,
18. Yanisch-Perron, C., Vieira, J. and Messing, J. (1985) Gene 33, 103 L19.
19. Gibson, T.J. (1984) Ph.D. thesis. University of Cambridge. Cambridge,
United Kingdom.

20. Sambrook, J., Fritsch, E.F. and Maniatis, T. {1989) Cold Spring Harbor
Laboratory, Cold Spring Harboer, N.Y.

21. Sanger, F., Nicklen, S, and Coulsen, AR, (1977) Proc. Natl. Acad. Sci.
USA 74, 5463 —5467.

22. gl;?verg;;, J., Haeberli, P. and Smithies, O. {1984) Nucleic Acids Res. 12,

23. Musgrave, D.R., Sandman, K. and Reeve, I.N. (1991) Proc. Natl. Acad.
Sci. USA 88, 10397—10401.

24, Reiter, W.D., Hiidepohl, U. and Zillig, W. {1999 Proc. Nad. Acad. Sci.
USA 87, 9509-9513.

25. Hausner W., Frey, G. and Thomm, M. (1991} J. Mol. Biol. 222, 495—508.

26. Brown, 1. W., Danicls, C.]. and Reeve, J.N. (1989) CRC Crit. Rev.
Microbiol. 16, 287-337.

27. Connaughton, JF., Kaloss, W.D., Vanek, P.G., Nardope, G.A. and
Chirikjian, J.G. (1990) Nucleic Acids Res. 18, 2002.

28. Heidmann, 8., Seifert, W., Kessler, C. and Domdey, H. (1989) Nucleic
Acids Res. 17 9783-979%.

29. Chandrasegaran, 5., Lunnen, K.D., Smith, H.Q. and Wilson, G.G. (1983)
Gene 70, 387 -392.

30. Kaszubska, W., Aiken, C., O"Comnor, C.D. and Gumport, R.[. (1989)
Nucleic Acids Res. 17, 10403—10425.

31. Chatterjee, D.K., Hammond, A.W., Blakesley, R.W., Adams, S.M. and
Gerard, G.F. (1991} Nucleic Ac1ds Res. 19, 6505-6509

32. Tao, T., Walter, 1., ., Coterman, M.M. and Blumenthal, R.M.
(1989} Nuclelc Acids Res. 1‘.' 4161—4['.'5
33. Van Cott, E.M. and Wilson, G.G. {1988} Gene 74, 55-59.
34. McClelland, M. and Nelson, M. (1992} Nucleic Acids Res. 20, 2145-2157,
35. Gold, L. and Stormo, G. (1987}, In: Escherichia coli and Saimonella
typhimuriam; Neidhardi, C.(ed); American Society for Microbiology,
Washington D.C.; Val.2, 1302-1307.

36. Schmid, K., Thomm, M., Laminet, A., Lane, F.G., Kessler, C., Stetter,
K.O. and Schmitt, R. (1984) Nucleic Acids Res. 12, 2619—2628.

37. New England Biolabs, Inc. (1992) Product catalogue (2/92)

[ R-N

=l



CHAPTER 9

Summary and concluding remarks

The identification of the Archaea as a third primary lineage of life and their adaptation to
extreme environmental conditions have generated considerable interest in the molecular
biology of these organisms. Most progress in the investigation of archacal mobile genetic
elements, i.e. viruses, plasmids and insertion sequences, has been made in the halophilic
branch while only limited knowledge was available about mobile elements of methanogens
(reviewed in Chapter 1). The aim of this thesis was therefore to get more insight into the
molecular genetics of mobile elements from methanogens. Thermophilic species of the genus
Methanobacterium were used as model organisms in this study, since they are among the best
characterized methanogens.

Phylogenetic studies of the species M.thermoformicicum and strains of M.thermoauto-
traphicum are described in Chapter 2. The comparison of two variable 16S rRNA regions
allowed the conclusions that (i) M.thermoformicicum consists of two groups of strains, the
Z-245-group (including strains Z-245, FTF, THF, FF1, FF3 and CSM3) and the CB12-group
(consisting of the strains CB12, SF-4, and HN4), which probably constitute different species,
{(ii) M.thermoautotrophicum AH is closely related to the Z-245-group, and (iii) M.thermo-
autotrophicum Marburg belongs to neither group and most likely represents a different
species (Table 1). This classification of M.thermoformicicum and M.thermoautotrophicum
strains obtained by comparative 165 rRNA analysis is in line with recently reported results
derived from DNA-DNA hybridization studies (8). Both approaches are based on genotypic
characters which generally are more reliable for the determination of phylogenetic
relationships than classical phenotypic ones. Therefore, the proposed reclassification of the
examined thermophilic Methanobacterium strains may reflect their phylogeny more accurately
than the current classification. Moreover, some other characters of the examined
methanogens including genetic fingerprints with fdhA (Chapter 2 and 4), the sensitivity to
phage $F1 (Chapter 3) and the distribution of FR-I (Chapter 6) provide additional evidence
for the proposed new taxonomy of M.thermoformicicum and M. thermoausotrophicum (Table
1). Another phylogenetically relevant aspect reported in Chapter 2 was the finding that the
non-formate utilizers M.thermoautotrophicum AH and Marburg contain sequences similar to
the fdhA and fdhB genes from M, formicicum. The presence of fdhAB-like sequences in strain
AH and Marburg suggest that both M.thermoformicicum and M.thermoautotrophicum are
descendants of a common formate-utilizing ancestor.

It has recently been shown that M.thermoautotrophicum AH and Marburg differ clearly
in their genome size (1.725 versus 1.623 kb, respectively) and the position of restriction sites
in the chromosomal DNA for the endonucleases Notl, Pmel and Nhel (7). These findings are
likely to reflect the limited homology of both M. thermoautotrophicum strains on the genomic
level. Similarly, also strain AH and M.thermoformicicum THF have been found to differ
considerably in genome size (1.725 versus 1.600 kb, respectively) and No restriction pattern
(7). This would contradict the results obtained by DNA-DNA similarity studies and
comparative 16S rRNA sequence analysis which indicate a close relationship of these two
strains (Chapter 2). However, the results of the genomic analysis of strain THF have to be
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interpreted with caution for two reasons. Firstly, the Norl-site (5’-GCGGCCGC) comprises
the target site of the GGCC-recognizing restriction-modification system MATI harbored by
strain THF (see Chapter 7). As the consequence, the methyltransferase of the M TI system
probably modifies the Notl-sites contained in DNA from strain THF to yield 5°’-
GCGG™CCGC which is resistant against cleavage by Norl (4). The reported two Noil
restriction fragments of 1.350 and 250 kb generated from THF DNA (7) may therefore not
reflect the real number of Notl-sites in the chromosome of strain THF. Secondly, the
enormous size of the large Notl fragment probably does not allow an accurate determination
of its size.

Tabhle 1, Classification of thermophitic Methanobacterium strains

Organism Plasmid Homology with Phage sensitivity Homology*
(kb) FR-1 FR-I $F1 @$F3 group
M.thermoformicicum CB12 — — - - - CBI12
SF-4 — - — - — CB12
HN4 — —_ + - - CB12
Z-245 pFZ1 (11.0) + — + - Z-245
FTF pFZ2 (11.0) + — + - Z-245
THF pFV1 (13.5) + + -— = Z-245
FF1 — + — + — Z-245
FF3 — + — + + Z-245
CSM3 — + + + - Z-245
M. thermoautotrophicum AH — + — + - 7-245°
Marburg pME2001 (4.4) - — - - Marburg®

* Based on DNA-DNA similarity, 165 TRNA signature and genetic fingerprint with fifhA,.
® Unique hybridization pattern obtained with f@hA.

Chapter 3 describes the characterization of the novel archacal phages ®F1 and $F3 that are
able to infect several thermophilic strains of Methanobacterium (Table 1). Both phages differ
with respect to their host range and the topology of their double-stranded DNA genomes.
While phage $F1 has a broad host range and contains a linear, approximately 85-kb genome,
®F3 was specific for M. thermoformicicum FF3 and contained a circular, approximately 36-kb
genome. No similarity was found between the genomes of $F1 and $F3 nor between both
phages and genomic DNA from different Methanobacterium strains or from phage ¥M1 of
M.thermoautotrophicum Marburg.

The isolation and initial molecular analysis of three plasmids, pFV1 (13.5 kb), pFZ1 (11.0
kb) and pFZ2 (11.0 kb), harbored by M.thermoformicicum strains THF, Z-245 and FTF,
respectively, is reported in Chapter 4. Using cloned pFZi DNA as hybridization probe, the
plasmids were found to constitute a family of highly related elements. Whereas pFZ1 and
pFZ2 are probably identical, only partial similarity was observed between pFZ1 and pFV1.
Furthermore, genetic fingerprinting experiments using fdhA from M. formicicum as
hybridization probe allowed a subdivision of the species M.thermoformicicum into the CB12-
group and the Z-245-group, comprising among others the plasmid-harboring strains Z-245,
FTF and THF (Table 1).
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The relatedness of the plasmid DNA was confirmed by sequence analysis of pFV1 and pFZ1
(Chapter 5). Comparison of the primary sequence of pFV1 (13513 bp; see also Appendix A)
and pFZ1 (11014 bp; see also Appendix B) revealed a modular organization of the plasmid
genomes: a backbone structure, conserved on the sequence level and in overall gene order,
which is interspersed with plasmid-specific elements. The organization of the M.thermo-
Jormicicum plasmids resembles that of prokaryotic chromosomes both of which are subjected
to DNA rearrangements, in particular insertions and/or deletions, thereby retaining a basic
genome organization. The high sequence similarity and the comparable genetic maps suggest
that pFV1 and pFZ1 (and pFZ2) have criginated from a common ancestor. If so, the plasmids
probably share homologous functions necessary for plasmid replication and maintenance which
should be located within regions with high interplasmid similarity, i.e. the plasmid backbone.
Those essential functions may include two large palindromic regions and a putative gene
encoding a NTP-binding protein which are contained within the conserved backbone structure.
In contrast, the plasmid-specific sequence blocks probably represent accessory elements which
do not specify essential plasmid functions.

Both plasmids pFV1 and pFZ1 harbor sequences with similarity 10 chromosomal DNA of
different thermophilic methanogens (Chapter 6). One of those, named FR-I, represents an
accessory element of pFV1 with chromosomal counterparts in several M.rhermoformicicum
strains and M.thermoautotrophicum AH (Table 1). Comparison of the plasmid-derived and
chromosomal FR-1 elements revealed that FR-I has a size of 1.5 kb and exists in variants
which differ in the organization of two subfragments. Remarkably, the corresponding
subfragments of either FR-I element were identical on the nucleotide sequence level. Although
FR-I lacks terminal inverted repeats, the presence of terminal direct repeats and its occurrence
in multiple copies suggest that FR-I represents a new type of archaeal insertion sequences. A
second element, termed FR-II, is part of both plasmids pFV1 and pFZ1, and the chromosome
of M.thermoformicicum THF, CSM3 and HN4. Sequence analysis of the two plasmid- and one
chromosome-derived FR-II elements showed that they are highly similar and may code for a
protein with yet unknown function. In contrast to FR-I, FR-II is present in a single
chromosemal copy and does not contain terminal repeats. Its presence in plasmid- and
chromosomal DNA suggests, however, that FR-1I is mobile or has been mobilized.

Each plasmid contains an accessory element encoding components of a type II R/M system:
the GGCC-recognizing system MATI carried by pFV1 from strain THF (Chapter 7) and the
CTAG-recognizing systems MehZI and MrRFI located on pFZ1 and pFZ2 from strain Z-245
and FTF, respectively (Chapter 8). These findings demonstrated for the first time plasmid-
encoded enzymatic activities for methanogens. The R/M systems MrATI and MthZI have been
characterized in detail by their cloning and expression in Escherichia coli. Strikingly, both
R/M modules are located within the same plasmid backbone region suggesting that this part
of the plasmids has undergone substantial genomic rearrangements: either deletion or insertion
of a single R/M module from an ancestral plasmid that contained both or none of the R/M
cassettes. The presence of R/M cassettes would support the concept of a modular evolution,
i.e., the mobilization of functional units within the same or between different replicons.
Characterization of methanogenic R/M systems with the same specificity as the plasmid-located
M:HTI and MthZI systems may provide insight in the relationships of archaeal R/M systems
and possible mechanisms of dissemination of R/M modules.

Supporting evidence for a modular evolution is provided by the similarity between the two
GGCC-recognizing R/M systems MtATI from M.thermoformicicurn THF and NgoPII from
Neisseria gonorrhoeae (Chapter 7). In contrast to other R/M systems with GGCC specificity,
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MthT1 and NgoPlI comprise endonuclease- and methyltransferase genes which both were
similar on the nucleotide and the deduced amino acid sequence level and exhibit an identical
organization (Figure 1). These findings suggest that the MthTI and the NgoPII systems are
homologous and have been disseminated via horizontal gene transfer. If so, gene transmission
would have occurred between members of the evolutionary different domains Archaea and
Bacteria.

MthTI
NgoPIl

Haelll

BsuRl

Figure 1. Gene organization of GGCC-recognizing restriction-modification systems. Homologous
endonuclease (R) and methyltransferase (M) genes are indicated by similar shading.

An interesting property of the MthTI system is the fact that it is present in a thermophilic
organism. In contrast, all other known GGCC-recognizing, or, more general, m*C-producing
R/M systems, have been isolated from mesophilic organisms. The absence of such R/M
systems in thermophiles has been attributed to an accelerated deamination rate of m°C (m°C
- T) at high temperatures generating G-T mismatches in double-stranded DNA which, if not
corrected, would result in point mutations (1) (Figure 2). The thermophilic M.thermo-
Jormicicum THF apparently contains a mechanism which either avoids deamination of m°C or
is capable of G-T mismatch correction. The latter possibility seems to be realized in strain
THF since the pFV1-located ORF10 has the capacity to code for a protein with significant
similarity to E.coli DNA mismatch repair enzymes (Chapter 5; Figure 2). Similar to the
organization of functionally related genes into operons, ORF10, mthTIM and mthTIR are
located on the same pFV1 module (Figure 2) and may form a functional unit that specifies
components of a restriction-modification-repair (RMR) system. Additionally, a putative fourth
gene, ORF9, is located on the RMR module (Figure 2). Although no function could be
assigned to the deduced ORF9 product, a participation in the activity of the RMR system
would be plausible. Besides a possible common regulation, the observed gene clustering may
also be necessary to ensure survival of a potential thermophilic recipient which acquires the
RMR module via lateral gene transfer. However, if the recipient is a mesophilic organism, the
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DNA repair functions would probably be dispensable and may be lost after transfer. Assuming
that a transfer of the entirer RMR module has occurred from the thermophilic
M.thermoformicicum THF to the mesophilic N.gonorrhoeae, this may explain why the
similarity included the genes of the MtATI and NgoPII systems but did not extend beyond
adjacent sequence regions.

The major function of R/M systems is proposed to be the protection of the resident DNA
from contamination by for instance phage DNA (Figure 2). The same function may be
supposed for the discussed R/M systems from M.thermoformicicum. However, one would
expect that R/M systems which generate thermostable modification products such as m*C and
m°A would be more advantageous for a thermophilic host than those that produce m*C, since
deamination of the latter methylation product increases the chance on point mutations which
have to be compensated by mismatch repair. Nevertheless, the m°C-generating M:ATI R/M
system obviously proved to be successful under thermophilic conditions since it is maintained
by M.thermoformicicum THF. A possible explanation for the presence of the MtATI system
in strain THF may be that the system provides another advantage to its host, in addition to
restriction of incoming phage DNA by the MtATI endonuclease. As discussed in Chapter 5,
deamination of m’C may serve as additional protection mechanism against phages that
contained m*C-methylated genomes since, in contrast to the host, these phages are not be able
to correct mismatches.

e LG [ T O ; - M

® ol L0

GGCC GGTC - GGCC GGCC
- -— —————]

CS.GG COGG  onmina C(liBGG / CCGG

GGTC
CCAG

Mutation

Figure 2. Schematic illustration of the proposed function of the restriction-modification-repair system
harbored by plasmid pFV1 from M.thermoformicicum THF.
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Analysis of the abundance of the tetranucleotide sequences GGCC and CTAG, the targets
of the MthTI and MthZI R/M systems, in DNA of thermophilic Methanobacterium strains
revealed some interesting results. The sequence data used for analysis comprised 48.4 kb of
chromosomal and plasmid DNA, the majority of which were obtained from the EMBL and
GenBank data bases (Table 2). The tetranucleotide GGCC was found 228 times within 48.4
kb, which statistically corresponds with 1 tetranucleotide per 212 bp. This value is almost
equal to the expected random-frequency for a tetranucleotide which is 1 per 256 bp. In
contrast, only 13 CTAG tetranucleotides were detected, corresponding with 1 per
approximately 3700 bp. A similar low abundance of CTAG (1 per 2700 bp) has been reported
for the E.coli genome (§). This finding clearly shows that the recognition sequence of the
MthZl system, in contrast to that of the MihTI system, is rare in DNA from thermophilic
Methanobacterium strains. However, a considerable different result was obtained from analysis
of the plasmid DNA harbored by M. thermoformicicum. Compared to the values observed for
the genomic DNA from thermophilic members of Methanobacterium, plasmid pFV1 exhibits
a lower frequency of GGCC (1 site per 610 bp; 22 GGCC-sites per pFV1 genome) but shows
a significantly higher abundance-of CTAG (1 per 670 bp; 20 CTAG-sites per pFV1 genome)

Table 2, Distribution of GGCC- and CTAG-sites in DNA of thermophilic Methanobacterium strains

Number of tetranucleotides

Gene or element Organism Size
(kby  Expected® Observed

GGCC  CTAG

sod M. thermoautotrophicum sp. 1.4 5 5 0
purE M. thermoautotrophicum sp. 1.4 5 4 0
e TUVX M. thermeastotrophicum Winter 7.5 29 50 1
hmtA M.thermoautotrophicum AH 1.1 4 4 1
mvhGDGA M.thermoautotrophicum AH 53 21 20 i
JrhADGE M. thermoautotrophicum AH 3.9 15 19 5
trpABCDGE M.thermoautotrophicum Marburg 7.4 29 40 1
ileS M. thermoautotrophicum Marburg 4.2 16 28 1
merBGA M.thermoautotrophicum Marburg 6.2 24 15 3
pME2001° M. thermoautotrophicum Marburg 4.4 17 18 0
FR-I M.thermaformicicum CSM3 31 12 12 0
FR-II M. thermoformicicum CSM3 2.7 11 13 0

Total 48.4 189 228 13
pFVi* M. thermaformicicum THF 13.5 51 22 20
pFZ1° M. thermoformicicum Z-245 11.0 43 28 6

* Comprising coding regions and flanking sequences.
* Random-frequency (on average 1 site per 256 bp).
* Complete nucleotide sequence
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(Table 2). While pFZ1 contains an comparable number of GGCC-sites (28 per plasmid
genome with a frequency of 1 per 390 bp), the CTAG-frequency is substantially lower in
pFZ1 from strain Z-245 (1 per approximately 1800 bp; 6 per pFZ1 genome) (Table 2).
These results are interpreted as follows:

(i) The low abundance of CTAG in the DNA of thermophilic Merhanobacterium strains
and E.coli suggests that a similar mechanism is responsible for this bias. It has recently been
reported that the underrepresentation of several tetranucleotides, including CTAG, in the
genome of E.coli may be the result of selection against target sequences of the wsr gene
product (3), an enzyme involved in G-T to G-C mismatch correction (2). Usually, those
target sequences of the Vsr endonuclease are generated by deamination of m*C in the
sequence C™C{A/T)GG, the product of the dcm MTase. However, the vsr gene product
displays a relative relaxed specificity since it also recognizes G-T mismatches in the sequence
CT(A/T)G or T(A/T)GG where the underlined T is mismatched with G, and it does not
require methylation of the unmutated strand (2}. Consequently, T-G mismatches produced
during recombination or DNA replication would, without determination which of both
nucleotides is the incorrect one, sequence-specifically be corrected to C-G pairs. The
tetranucleotide CTAG is one of the possible target sequences of the Vsr endonuclease and
would be ‘repaired’ to CCAG, resulting in an elimination of CTAG-sites in time. A similar
mechanism may be responsible for the low CTAG abundance in DNA of thermophilic
members of Methanobacterium.

(ii) Compared to the genomic DNA of thermophilic Methanobacterium strains, plasmid
PFV1 of strain THF showed a five-fold increased number of CTAG tetranucleotides. This
significant difference may indicate that selection against CTAG is absent in strain THF.
Alternatively, pFV1 (and the related pFZ1 and pFZ2) does not originate from DNA of a
thermophilic Methanobacterium strain, The relatively low GC content of pFV1 (41.8%)
compared to that of strain THF (49.6%) (8) would support the latter possibility.

(iii) Although pFZ1 of strain Z-245 is highly related to pFV1, the abundance of the
tetranucleotide CTAG is clearly lower in pFZ1. Comparison of the nuclcotide sequence of
plasmid pFZ1 with the one from pFV1 showed that in particular CTAG-sites located within
putative coding regions were absent in pFZ1. The lower frequency of CTAG-sites in pFZ1
correlates with the presence of the CTAG-recognizing MrhZI system that is encoded by
pFZ1. A possible explanation would be that the MTase M.MAZI provides only an
incomplete protection against cleavage of the corresponding ENase which would result in
selection against CTAG-sites. Another possibility may be that strain Z-245 contains a Vsr-
like activity.

{(iv) The presence of the GGCC-recognizing MtATI system encoded by pFV1 seems to
correlate with the underrepresentation of GGCC-sites in the pFV1 genome. Comparison of
the nucleotide sequences of pFV1 and pFZ1 revealed that 15 GGCC-sites present in pFZ1
were changed in pFV1. Remarkably, ten of those changed GGCC-sites in pFV1 displayed
the sequence GGTC. The same base substitution would be generated by deamination of a
single m*C nucleotides within the sequence GG™CC followed by replication, i.e. without
previous correction of the G-T mismatch. The observed preference for the replacement of
GGCC by GGTC in pFV1 suggests that most of the substitutions have been generated by this
mechanism. It therefore seems likely that strain THF has a limited G-T mismatch repair
capacity. If so, strain THF should be forced to reduce the number of GGCC-sites available
for modification by the m’C-producing MTase M.MZATI in order to decrease the number of
deamination events.
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Most advances in physiological, biochemical and genetic analysis of Methanobacterium
have been made on M. thermoautotrophicum strains AH and Marburg (for reviews see: 6, 9).
The present thesis focused on M.thermoformicicum and reported a genetic analysis of
plasmids, phages and insertion sequences identified in this species. Since the well-studied
methanogen M. thermoautotrophicum AH turned out to be a non-formate utilizing relative of
M.thermoformicicum, the here described mobile genetic elements may be instrumental in
developing a cloning vector and a transformation system that would allow genetic engineering
of strain AH.
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Samenvatting

De identificatie van de Archaea als een derde primaire levensvorm en hun adaptatie aan
extreme omstandigheden hebben een aanzienlijke belangstelling gewekt voor de moleculaire
biologie van deze organismen. De meeste vooruitgang in het onderzoek van archaeale
mobiele genetische elementen, dat wil zeggen virussen, plasmiden en insertie elementen, is
gemaakt binnen de groep van halofiele Archaea, maar er is weinig bekend over mobicle
elementen in methanogenen (zie Hoofdstuk 1 voor een overzicht). Het doel van het in dit
proefschrift beschreven onderzoek was om meer inzicht te verkrijgen in de moleculaire
genetica van mobiele elementen in methanogenen. Als modelorganismen werd gekozen voor
de thermofiele Methanobacterium soorten die tot de best bestudeerde methanogenen behoren.

Fylogenetische studies van M.thermaformicicum en M.thermoautotrophicum staan
beschreven in Hoofdstuk 2. Door de vergelijking van twee variable 16S TRNA gebieden was
het mogelijk te concluderen dat (i) M.thermoformicicum uit twee groepen van stammen
bestaat, de zogenaamde Z-245-groep en de CB12-groep die waarschijnlijk tot verschillende
species behoren, (ii) M.thermoautotrophicum AH nauw verwant is met de Z-245-groep, en
(iii) M. thermoaurotrophicum Marburg bij geen van de twee groepen behoort en waarschijnlijk
een aparte species vormt. De uit de 165 rRNA analyse bepaalde verwantschap tussen
stammen van M. thermoformicicum en M. thermoautotrophicum kwam overeen met resultaten
van DNA-DNA hybridisatie studies (Touzel et al. [1992], Inz. J. Syst. Bacieriol. 42, 408-
411). Beide benaderingen zijn gebaseerd op genotypische eigenschappen die voor de bepaling
van fylogenetische verwantschappen in het algemeen betrouwbaarder worden geacht dan
fenotypische eigenschappen. De voorgestelde herindeling van de onderzochte thermoficle
Methanobacterium stammen geeft daarom hun fylogenetische positie waarschijnlijk beter weer
dan de indeling die tot nu toe gebruikt is. Een andere, fylogenetisch relevant aspect,
gepresenteerd in Hoofdstuk 2, was de ontdekking dat de niet-formiaat gebruikers M. thermo-
autotrophicum AH en Marburg sequenties bevatten die overeenkomst vertoonden met de fdhA
en fdhB genen van M. formicicum. De aanwezigheid van dergelijke sequenties in de stammen
AH en Marburg suggereert dat M.thermoformicicum en M.thermoautotrophicum afkomstig
zijn van een gemeenschappelijke, formiaat-gebruikende voorouder.

Hoofdstuk 3 beschrijft de karakterisatie van twee nieuwe archaeale virussen ®F1 en $F3
die in staat zijn verschillende thermofiele Methanobacterium stammen te infecteren. Beide
fagen verschillen wat betreft hun gastheerspecificiteit en de topologie van hun dubbelstrengs
DNA chromosomen. Terwijl #F1 een breed gastheerbereik heeft en een lineair, ongeveer 85-
kb genoom bezit, is $F3 specifiek voor M.thermoformicicum FF3 en bezit een circulair,
ongeveer 36-kb genoom. Er bestaat geen overeenkomst tussen de genomen van ®F1 en $F3,
noch tussen het genomische DNA van verschillende Methanobacterium stammen of van yM1,
een faag van M.thermoautotrophicum Marburg.

De isolatie en karakterisatie van drie plasmiden, pFV1 (13,5 kb), pFZ1 (11,0 kb) en pFZ2
(11,0 kb), van de M.thermoformicicum stammen THF, Z-245 en FTF staat beschreven in
Hoofdstuk 4. Door middel van hybridisatie met radioaktief gemarkeerd pFZ1 DNA bleek dat
deze plasmiden een familie van nauw verwante elementen vormen. Terwijl pFZ1 en pFZ2
waarschijnlijk identiek zijn, wordt slechts een gedeeltelijke homologie gevonden tussen pFZ1
en pFV1. Daarnaast beschrijft dit hoofdstuk dat hybridisatic met het fdhA gen van
M. formicicum gebruikt kan worden voor ‘genetische vingerafdrukken’ waardoor het mogelijk
is om de species M.thermoformicicum in twee groepen te verdelen, de hierboven reeds
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genoemde CB12-groep, met de stammen CB12 en SF-4, en de Z-245-groep met de plasmide-
bevattende stammen Z-245, FTF en THF en twee nicuwe isolaten FF1 en FF3,

De verwantschap tussen de plasmide DNA’s werd bevestigd door de bepaling van de
basenvolgorde van pFV1 (13513 bp) en pFZ1 (11014 bp) (Hoofdstuk 5). De vergelijking van
deze sequenties liet zien dat de plasmiden pFV1 en pFZ1 in modules zijn georganiseerd: een
ruggegraat struktuur, die geconserveerd is op DNA-sequentie niveau, en unicke sequenties
met daarin opgenomen plasmide-specifieke elementen,

De organisatie van de M.thermoformicicum plasmiden is vergelijkbaar met die van
bacteriéle chromosomen waarin genetische herrangschikkingen optreden, in het bijzonder
inserties en/of deleties, maar waarbij de basisstruktuur wordt bewaard. De grote
overeenkomst in DNA volgorde en de vergelijkbare genetische organisatie doen vermoeden
dat pFV1 en pFZ1 (en pFZ2) van een gemeenschappelijk voorouder-plasmide afkomstig zijn.
In dit geval zouden de plasmiden voor vergelijkbare funkties coderen die van belang zijn
voor vermenigvuldiging en handhaving. Deze zowden door de sequenties in de geconser-
veerde ruggegraatstruktuur gecodeerd kunnen worden. Zulke essentiéle plasmidefunkties
zouden twee grote palindroom-sequenties kunnen omvatten, alsmede een gen, dat mogelijk
voor een NTP-bindend eiwit codeert. Al deze sequenties maken deel uit van de ruggegraat-
struktuur die in de plasmiden wordt aangetroffen. In tegenstelling hiermee vertegenwoordigen
de plasmide-specifiecke sequenties juist additionele elementen die niet-essentiéle plasmide-
funkties zouden kunnen specificeren.

Beide plasmiden pFV1 en pFZ1 bevatten sequenties die overcenkomst vertonen met het
chromosomale DNA van verschillende thermofiele methanogenen (Hoofdstuk 6). Een van
deze sequenties, FR-1, is een additioneel element van pFV1 en heeft homologe tegenhangers
in het chromosomale DNA van verschillende M.thermoformicicum stammen en M.thermo-
autotrophicum AH. Door vergelijking van de FR-I elementen afkomstig uit pFV1 en chromo-
somale DNA, kon afgeleid worden dat FR-I een lengte heeft van 1.5 kb en in varianten voor-
komt die verschillen in de organisatie van iwee subfragmenten. Opvallend was dat overeen-
komende subfragmenten van verschillende FR-I elementen volledig identieke nucleotide
sequenties bezaten. De FR-I elementen bezitten terminale, direkt herhaalde sequenties en zijn
in meerdere kopie€n aanwezig. Deze eigenschappen suggereren dat FR-I een nieuw type
archaeaal insertie element vertegenwoordigt. Een tweede element, FR-II, maakt deel uit van
beide plasmiden pFV1 en pFZ1 en werd aangetroffen in het chromosoom van M.thermo-
Jormicicum THF, CSM3 en HN4. Uit de DNA sequentie vergelijking van de FR-II
elementen, waarvan er twee van plasmide DNA afkomstig waren en een uit het chromosoom,
bleek dat de FR-II elementen sterk op elkaar leken en voor een eiwit met nog onbekende
eigenschappen zouden kunnen coderen. In tegenstelling tot FR-I werd FR-II maar in een
enkele chromosomale kopie gevonden en bezit het geen terminale herhaalde sequenties.

Elk plasmide bevat een additioneel element dat voor componenten van een type II
restrictie-modificatie (R/M) systeem codeert: het MHTI systeem van plasmide pFV1 uit stam
THF met de herkenningssequentie GGCC en de CTAG-herkennenden R/M systemen MrhZl
en MrhFI die deel uitmaken van de plasmiden pFZ1 en pFZ2 van de stammen Z-245 en FTF.
De gedetailleerde analyse van de systemen MtATI en MthZI wordt beschreven in res-
pectievelijk Hoofdstuk 7 en Hoofdstuk 8. Opmerkelijk is dat beide R/M modules in een
vergelijkbare positie in de ruggegraatstruktuur van beide plasmiden gelokaliseerd zijn. Deze
resultaten beschrijven voor het eerst een plasmide-gecodeerde functie in methanogenen.

Tenslotte wordt in Hoofdstuk 9 een samenvatting gegeven van de onderzoeksresultaten en
worden enkele aanvullende gegevens besproken.
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Appendix A

Complete nucleotide sequence of plasmid pFV1 from M.thermoformicicum THF (EMBL

accession number X68366).
Numbering, open reading frames, insertions, inverted repeats (dashed arrows) and direct
repeats (solid arrows) are according to Chapter 5.

Xhol
ELLYGTVYAYNLIDNRYASGVYLDCRGEGENGPGES ATKPEQ QVYNH
1 CTCGAGAAGCACACCAGTGACGCGGTAATTGAGTATATCGTTGLEGACEECALTGOCTACCAGGTCGCAACBTCCATTECCAGEBCCCCCCRACBCEETCTTAGGTTCLTRAACATTETS 120
LEKHTFTS0DAYVYIEYIVADETAYQVATSIARAPRRSGBGLSGFLHNTIY

LLEPFPGRLALHMHYHKDHYLDILSKEPVYVPIFEEVVYKRPILRTIH
121 BAGAAGATTABEGAAABGECC TCGGABEGCAAGATGATAAT TE TCATEGACEAGATCEATARGAL TCTTTCCAGGRACGEERATAAMACTCCTCTACCACCTTTCTAGGGAGCCGARTGTG 240
EKIRERASEGKHWIIVYHMDEIODKTLSRDGEDKLLYHLSREVPNKY

ANHNHTKGEYLOQGEYHRIHDAVYRPDYGREKLHWPSDTEGRYAGRLIKIL
241  TGCATTGTGGETCTTTCCAACAAE TTGACCETAATREATATGATCGECEACTLEEGGGTCATATCCTCGTTTAAGCCAAGGAGRATCAGTTTCGCCCLTTACAGCGCCOCGLAGCTTGAG 360
CTYGLSHNKLTYHDHRIGEGDSGVISSFKPRRISFAPYSAPOQLE

LDOVYPRLARKYYTDEQRQFYYHAMWDTRRERSGLTVEYGPIGHRY
361 GABATCCTRAACTACABGGTTEABATEECGT TTAALGALEETETCCTGGAAGACBACSTTGTRCCACTETATECERCECTOGOGECCCAGCRTAACGRGGACGCCAGGTATGCCCTTGAL 480
ET L KYRVYEMWAFHNDGYLEDDYYPLCAALAAQRIHKEGDARYAETLD

EEAKRRINRYPLKLTHNYTLRYDPHRISISILNLNLKDPTTITDLL
481 CTCCTCABCTYVECEECEGATAT TRCGATAAGGLAGE TTAAGGGTGTTGTAAGTGAGTCTGACG TCABBATEECGAC TGATGAGG TTGAGETIGAGTTTATCAGGCETARTATCGABCAE 600
LLSFAADIAIROQLEKGVYVSESDEVYRMATDEYEYEFTIRRSTIEDTQ

QPVILLDEQIGDHSEGESEMHNPTGEESLYIPLYYLEREGLLLKEPAVYVEEK
601 TTGAGGRACAATCABAAGATCCTCCTGTATGCCGTCATGACC TCOCATAGGEGTACCCCCACTGARATATATAGGAAGTACAACAAGA TRACCRAGEAGCAGTTTGEEEECAACGCCCTT 720
LRONTGTKILLYAYHNTSHGETPTEIYREKYHRNEEKMHPTEEER QFEEGHNRA AL

RLPPKGLEQPFXFEVYTKNFNLHNDT2ZTTPPPHNYPMH R
721 ACGCAGAGGAGGRCTTTCCCAGC TCC TRAGRGARL TTEAAC TCTACGGRTC TTGTTRAAATTGAGS TTATCEG TAGGGGTCETEGRAGEGERGTTAACTGGCATRTTETTCCTTCETCCTCT 840
TORRLSQLLRELELYGLVYETIEVYVVGRGRGRGY NKHVYVPSSS

(Insert element O in pFIi)
841 ATTGACCCTGARCTCATECTTRAGECCATAAGGAGGTCCC TCTGAGAC TACTTEEEGECAAC TTTCTCTGGET TTAAG T TGATTRACCTTATACTTRATGGGTACTTTARCTTACCCTTT 960
I DPELMLEATIRRSL™
961 TACTATTAACTTTTCTTTAATGGEGGTATCTAGGGCTTGTCCTETAATCTTCCTRABTECAGCATTGTCTTTTCABAACRATTTTTCGTTCAATARAATTGTTGGGTCTTTGGTTGACCT 1080

------------------ . Rl P | 7 JP T, -
1081 CTAGTTTEGTAATETCCTATEEETCGEL TAAGCGATTTCCRLECTTTCEGETCEC TLACTICECTCEE TLRBARATCBECACCGACCAGGRGEGCTACCACCCOCCACCCCCCGECCCAL 1200

. -
1201 TTTAGGTAACCCATACCTCAACTTGTGATTTTETEAATTTACCCC TTCACTCOBC0CCGACACTCT TATATASACGCCAGC TTCGTCAGTACCTCGFATTATACGAAGTAACGCTCECTT 1320

R4

1321 CGCTCGCTCTCHCTTCGCTCRTACTTCRTATAATAC TAAGAGG TATGACGAAGC TGELETGAATTAT T TTTRAGTGTC TGGEL TCCG TEAAGEGG TEANCGAACACCACATAAGTREART 1440

1441 TCATTGTAATTAAGTTGTAACTAACCTTTATARGGATARTATARGATAGE TG TCTATTAGGETTGT TAAAATGAATTCAGETAATCTTTTTTTTGEETGEECAGATGAATCCABCEABAR 1550
ORFE H N 5 6 NLFFGWADET ST SAJN

1561  CAAGGGGAGATATCGGGC TATTGRAA TG TAAGCCACCCGECCEAG TTTGAAAGTAAAC TTRANGGAGATATAAATAACATACTTGACTATE TATTTBATGAATCTRR TTTAARAAGAAG 1680
KGRYRAIGHNVYSHPAEFESEKLEGDIIHNKNILDYVYFDESGLIKRE R

1681 AGAGTTAAAATGGAATAAMRTAGACATATTCCGATATAGGGCATATEACAGGATTGTAGACTACTTTTTAGAGCACACTEETCTTESCAATCCACCATTTCGTRTGGATATCTTACGETG 1800
ELKWXKIDIFRCRAYERTIUVDYFLEHTGELGEHNPPFRVDILRW

1801 GBACATTGAAGACAGCCGTCATAGFATACAAGGGCGGGATEATAACCAAAACTTGCABAGGATGTACTATCATCTCTTTTCARATGTGATTTCTAAGCGTTGGCCTTCTGGAGATTGRTG 1920
DI EDSRHESIQGRDDNOQHNLOQRMYYHLFSHYISKR®WPSGDWC

1921 CYTTTTTCCTGACAAAACGEE TTCAGTCGATTGEEE6GAATTGECETCCTTTTTE6ATC TTGECSG TTCAAAAGTABACCTAMTGAACGGTTTAATATACGAAGTATTAATGAAGTTGA 2040
FFPDKTESVDWEELASFLDLGGESKVDLNERFHNIRSINEVYD

2041 TTCCARGEATAATGTACTAGTTCABGTGECTRATTTTTTCECEERACTCAGTETTTTTTCTAAGEAGANGL TTGGECTTTATGTAGAL TRRAAGTTFGAAANACETRRACABLAMGACT 2160
S KDHVYLVYQYADFFAGLSYFSKEKLGLYYDWKFEIEKREGEQQRL
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2161

2281

2401

2521

2761
831
3001
3121
3241
3361
3881
3601
3721
34l
3861
4081
4201

4321

444]

4561

4801

4921

5041

5161

5281

5521

5641

5761

5081
6001
6121

AGTTCCTGTABAARAAATTEACCTCTLCAAAAAGEATAGBAGGLGTTTTAAMATTCTTTC TTATT TCEAAGAGGEE TETEAAAAG T TAAABATCRGEE TAGTTCTTGATAGAAGTAANGG
YPVYEKIDPLSKKDRRRFEKILSYFEEGSBGBCEEKLEKTIEGEYYLDRSEKSGES

CTTGTGGACACCTAATCCTGCTAACAGTATAAA GGECATTATEAACC TCABAGTGATGCCGACAARGCACE TACAAGE TAACE TCARATAGTTGTTTTAAL TTETTCTTTGEEGTS
LWTPNHPANSIMNFMWHHYEPQSDADKAPTRGR®*

cemb IR armmmmomeee
AGGGATTCACCCTCCCCCARAACCLCCCACCCRAAGRTCCCGEER0TERETCOGCTCRE T TREETCACCGLACCAAYCTTCCGTTAC TG TCCAGLGRCTETGCRGARATTC TCRELE T

IRG -
COBGETCETTCRCTTCGCTCACTCTCRAATTTCC TAAAACAGCCBCT T TEAC TECATTACTCAGATTEGGCGGEAAAAALCAB TRAATBARATCGGCGEGCRTTCTCGTEERAGKACLLG
TCTACCATRTTCCAARAAATAAAATCAATATATATTGACGGC T GCAACCATTACAACCAARACT TGCCGACCCARATCCTATTTTTCAATRTTTTACAGTATATTTTGLCTRCTTTTICT

Element A (FR-1) »
MATATAAAGGT TTAATRACC TR TTTAATGCATTTTTCAGS T TTTTAGAATG TGAMATTATERTEECTETC TTCGGT TG TAACCACCC TAGGAATTTCTCTTTACAGSTTTCCCSCATCT
TACAGGGATTAACCATATTTTGTTCTARATCATTTTCARTATCATCAGAAATATAAACAGATACTGAATTCARAATATCC TTTTTTAAGTTGU T TAGCATTARATCAAGGTATTCTTGAT
TAGATTTTTCCATCAMCECTTRATATCC TBA TG TATAGC TTC TAATTTCATTCGGGCATCATABART TCAGGATTATCCATTTTATTTAGATTTTCCATAAATTATT TTATTGATTTAG
ATAG AT TAAAGGTTTCTTTIC T TRACC TTTT ARG YCATATT TR TG TATARAAC TG FAL TTAG TACATTTTAATGACGGTTTAGTATATAT T TCTRATAAACAATAGTTATATTTGARATT
AAAMACTTAATGGAGA TS TEAAAATGGRAG TTAMBAABATATTCGTGGACAM T TATAGEAGCAT TAGCAGGAGCCGATTTCCCAATAAATTCACCAGAAGAAC TAATGGCAGCGC TTC
CAAACGETCCAGATACTACTTGTAAATC TGGAGA TG TAGAATEAAAAGCATC TGATGC TRRACAAGTACTTACTEC TGATGATTTTCCAT TTAAAAGTGL TGAAGAAGTTGLAGATACTA
TACTRAACAAAGCAGGATTATANGCCAAAATCEACTTCCTACTTTTTC TTTC TTT TCT TTT T TAAGGATAATTAATTATTATC TTATAATAGETTTTAATEGAGAAATTAAMATGGATAA
GLCCANTAGTAAMGAAAATAAGCATANGTCCCGT TR TAC TGAATETCCE TCATATAATBAA TG TATGTGCRTTTGGTTAGATTATTTTEC TGEAAAMATAEAATAATTTGCAG TARTATT
AACTCCTACTGCTTTCACTACAGA TTAAATATTAARCAA TCAAFAATTTTCAATTRATT TTAAGAATGCCCCLCC TCCAGTTTTCAATAGTTCAACCGGAGGERATAATAGTTCTEANAC
GATTATT I T TCAAATATTTTTTAARA T TAC TGAGCATTATGAGTAGAT TATATCE TTT TTCAGTAATCATATAATCICCACG TTCATGACGCTGLAATATCAAGTCAC TTTCANGTAAT
TTITETATGTGEAMAG TAMTTACCACCACGAAGCCC TG TANGTTE TRAABABCAG TRAAT G TCATGG T TTCAGABGCCATAGAT TTAABAAT TTGAAG TCTCTET TTATTAGAAATA
GGTTCAAGMOACTCTTAACCATAATTTC TTCAGGAA TAGAASATATC TCAB TTTTATCCYCTT TATTATIGICATATATFTETARABABCCAATTAGATTTATT TGCTTATCAMTAGT
GAGTCTACTTCC TTAAAACAAATATCACATTTATCAAAAGGAGCACTTTTCCTTATTTCATCTAATTCCTCTCTTTTCTCTTCTATAATTTC TTTGGAAACATGTTCCTGTTTTATAAGT

« Element A (FR-I)
TTAGAATTATTTTE TAGAAATCCE TTAAATTTTAATATGAARAAATTARA TAATATTATTATAATATTAATART TAATATTAATAATT TAATAATGCGCAGS TAGTTTTTACGEG TEATG
WF3 H

AACTTGAGGCAGAAMGTTATTRAAACCC TAGAAGAAGGGARAAG TG TTGCGATTAAGTACCAGEATGTAAGGGAT TACL TCRACCTRAARACEBETLATAGGGTTATATTCCT TRAALAC
HLARgKXVYIETLEEGK S VY AIKYQQDVYROYLDLKTGHRYIFLEH

GTTAACCCTGCARAGEAGALAGC TRC TRARATATTGGE TGACE TTGGCAACC TTOLAAARABLAC TATATACAGCARG TACACAACGAATGAGA T TG TCAGGGACATCAAGAAGAGS TCH
¥YHEPAKETAAEILADLGNLAKS T TIYSKYTTNEIVRDIEKIEKTE RS

AAGAACAGAATGTCC TCCTAB TG T TCAATRAC TTTCAGTTRC TTTC TAAGARCAC TECAAGGS T TCTTTTGBATC TCATEGAAGA TG TCCAAGTTC TTTE TAGTATCCREEGCAGACCT
KM¥RNMNY LLYFADFQLLSKNTARYLLILMNEDYQYLCSI1IRGERP

CAGAAGGETCABGEECGTTTGCTTAMGAGAATEACCATCC TAAGCEATARR TCTRACGABG TCACTRATATTAAGATACCCCTCATAGTCTTTECEAGCTTTATAGCAATATTAACCTTT
QKGQGRLEKRMWTILSDRSDEYTDI!IKIPLIVFASFIAILILTEF

GTTAARGCGGECTCGACCATC TATAACAGGAACCACTTCGAC T TTTACCTRTTTTCTECGGCAAT TTTTG T TGGCATATCTGTGEGEAGGACTC TTT TATGGATTTCTTAAGTTCAGRCA

VKAGSTIYNRNHFEFYLFSAATIFVGEISYGEGRTLLWIS®

GETACCTCCTGYTTATATTCTGEGTCC TTATGGGCT TCOECELEEC TTATTACATTTTCToSCTTTACGCCGTAGGTTATCAATABGTCEEGEEETCGTEETAATTTTEAAAFGGTATAL
MF4 M Vv ¥

TCACECCCTATTTTCTGTCTTTGTGRCRATATTCTTTEETTATCTCTTRARCELABAGCTTTCACCATACTTTTTTATE TTGACAATTCTTTCRTCTETAGTAGTEEACTTTGCAGAAAA
SRPIFCLCGDILNWNLSLER®RAFTILFYVYDNSFUYCSSGELECREK

GGCGRCETTAACBAGCACAAAGEC AN TTCACAATETTTTCALCTTRATACCCTTTGTTICTCTTGTACTTTTTTTATBATG TGACCACAGBCECCECCATATTETCEEECETATCYTCC
66 YVNEHKRQLUHEHNYFTLIPFVYLLYFFYDVYTITTGEAAMNLSEYSS

CATATTTTECTTGATTTTATRACGCCAACGEECTECCCCTTTTTTTACCCGATTTACAGGGGECETTATABEETCAATTEGAGGCATAAGGRTAGC G TLCCAGEEAAARAAGGGCETTA
HTILLDFHUTPTGECPFFYPIYRGRYRVYMNHRHKGSS&PREIKRAL

ACAACTATAGETATTCTTRCAGCGATTC TAC TAC TTETCATCTA TR e TOCCCATTTGCECCGAC TTCERCAATTTOCCAGTGRANGGRTTC TER AGCEEERTCAATAACACETCA
TTIGEILAATILLLYIYAPSPFAPTSAISQWEK®SESESEY HNNTS

FR-11 »
AACAACGGEACGGACATAAA TR TOAATTTTAACTTCAGAGGCAAC GG TGACACC TEEATTCACLL T TACCC TAATGRCAGTATC TTCATTGAL T TG TGGE TGACAGTAACAGCAGESTT
HHGTDIMNYNFHNFRGHRGD THWIHPYPRGS!FIDCYGDSHNSRY

TACAGGTATAGGGL TAGCABCABGEGAGS TCAAGGTANGTACCTGAAAT TEGATTC TAACACCALCEAAAACAMACCACGAAGCAAATGAGACGEGGGGA TGAL TCTGECAAGBCEEA
YA YRASSRGEGEQE&EKYLKLEDSKETTERNKTTKQHNETGG G ™

GCCCTECTTTTRABAAGGTC TGCAGTTTTATAGAGAAGTC TGABAGE TTC TR TACTRACAAGAARA TC YATAC TCABAARGTTTACC TEGACAL TAGBACCECC TRTAAGC TTGAGAT TA
TCAGLTATATCRAGTCAAAATCAMAAG TGAACTTTCGAGGEABEC TATTAAG TTAT TTATAGACATATATEAATC TAAAAATGECAACATAATAAATAAGE TEATTEBAAACCAGGATTG
AATRATTAT TAACC TTTAT T T T AAT T T AAC T T Tl G AAAATTATG TATTATAATTTAACAATATTG TATTAL TAGAAATTC TCORGEAGE TRAAAAAAGCATGLR TAATGEA

ORFSa M R N G

112

2280

2400

2520

4430

4560

4800

4520

5040

5160

5280

340¢

5520

5640

5760

58680

6120
6240



6241

6361

6961

o8l

nn

7321

7441

7561

et

7401

7921

8161

8281

8401

8521

a761

a8al

9001
9l

ACATTARTE: TR AGCSC O TRACAC TS TT TR T T TaCAGG TTC AT AT EC BECGRA TR TCAGCA TTGANC TTBACAARAAL ATEARTEATRRANBCCCEATAAARC CBACC TAL
TLYLAALLTLFVYLAGS S S AADVGE]TELDEKNKEBMWSDPESPIKEPTY

AATTCRACBATTAAAATCAAAGCCATAGTGAAGGLC TGGAACCTEGACETTCABAAT GLCAC TECAAGERT TCAAC TTCC TEABGECC TCE TRETECABBAC TAC TACATRAGCCAGGGA
NS TITKIKAIYKAMWNLEYQNATARYQLPEGLYVYEGDY Y NS QG

TACTATGACCTCBAAACAGETACC TEGEAGAT FOGTEATATCCCAGCATATRABEABAGGTCCC TEACATTCATTTGCC THC TRARCAGOAL TRECAGCG T TAC TG TRARCGCCARTERTS
Y yDLETGETWE!IGEDIPAYEERSILTFICLLNRTSESYTYNAHNWY

ACAGCGGACGBABATEATAACAGTGCAACAACAATGCAGAG TTAACC TTCAAGGTATTCGGTATATCARACC TTEAGG TTAACGTCACAGRCAATAANGAGAC TECAAGAATCGGCRAC
TADEDDNKSANNNAELTFRKYFGISDPLEYNYTENXKETARTIEGD

ACAGTRAGBATAACTETTAAAC T TAAAAACAGGGECCLCCATRATRLRAATAA TATCAAATAGECAACTTCC TCTCABEEGE TCTTATTG TRCAGAAT TTCAGC TATGATGCGGGC TAC
TY¥RITVYKLKHNRGPHDAMNMNIEKTIGNTFLS®SGEGELYVIHNFSYDAGY

B
TTTGATGACATCALCAGSRAGTGRATC TTTRARACCL TTRCAGCAGG TRAGGAGGCCAMATCAAAGL CATAG TRAAGGCC TRGAACCTGGACETTCAGAATECCAC TECAAGGETTCAAC
FODBITREWIFETLAAGETEA AKSEKTP*
ORFSb v X A W N L DV QNATARYZYQ

TTCCTGAGRECCTCR TAE TACAGRAC TAC TACAT BAGCCAGEGATAC TATGACC TUAAAACAGE TACL TEREAGAT TEGTOATATCCCAGLATATGAGGAGAGG TCCCTRALATTCATTT
TPEGLVYYQDYYNSQGYYDLETSTWEIGDIPAYEERSLTEFI

BLCTHL TRAACAGRAC TOGCAGCET TAC TG TRAMCGOCAN TG TRAC AGCHEACEABAT A TANCAG TAC AR AN AN TGL AGAGT TAAC CTTCAAGE TATTCEETATATCABACCTTE
CLLNRTGSVYTVYHARYTADGDDMNSANNDNAELTFKVYFBEISDL

AGGTTAACHTCACAGGCAATAAAGAGAC TGCAAGAATCGRLBAL ALAGTGAGRATAAL TGTTARAC T TAAAAACAGGGECCCCCATGATGCGAATANTATCARRATAGGCAACTTCCTCT
EVNVTGEGNKETARIGDTVRITVYEKLKRRSGEPHDANNIIKTIGNEFIL

CAGGHSETCTTR T T TECARAATTTLABL TATEATECHEEC TACTTTRATRACATCACCAGGEAS TEGATC T T TRAAACCCT THCAGCAGE TRAGGAGECTACCC TCACAC TTGATTECC
S66LYYQNFSYDAGYFDDITREWIFETLAAGEEATLTLODEC

TEETTAACAGEACGEGETGAGL TCTCAGAL TATGTTTCAGTGCG TGAGGTCGATGAGGGCGATETEAATETC TACAATAACATRGLCCATSCATCAGTTGC TG T TANGERARC TGRCCTAG
LYVHRTGEELSDCYYSVYVREVYDEGBGDYHNVYYHNNHNANASYAYKETDIL

ACCTTEACCTCTCTETGAGTAAAC TGAGGGCATATCAGGGTGACS TG TCAA TG TERTC THLCGTGTCAGRARCAATSSTCE TRAGACCGLCCAGAR TRLCAGEGTCAALC TCCAGC TAC
DLDLSVYSKLRAYQEDVY VYV NY YVCRYRNNGPETAQHARTYNLDOQI

CGBGGTAACCTRCAGGTCCAGCATGTRCAGE TEGACARGERCACC TACAG TAADGG TG TCTEGE TCATCARTGACT T TGCABACAATGAAALABCAC TCCTCAATATAACCGCAAREETEA
PGNLOQVYQHYQLDODRGTY SNGVWKVYIGDLADNETALLANTITARY

TETCAGCGGGTAACTTCACACTRAACGCCACTELEETTTCACCTGCAATCGACGACAGCAACLLOGTGAACAALGACGATACAGCGLEGATATCTETAGCAATACCAAAAAAEACCCTCA
M S AGNFTLNATAVSPALIDDPSNPVNNDDTARISYAIPKKTL

AGGTEAGGATAAAGAACAACTCCGCAGTGACGATCAGGGTCCTCTTATATE TRACCEYCAATGATCATEETAAMATAACCABGAABACCTACAACTTCTACC TRAABAABRECCTCAGCA
K Y RIXNNSAVTIARYLLYVTVYNDHEGEKITRKTYNFYLKEKELS

GGGACCTCABLCTTGEATACTTCCAGCTEEECACCACCECACTCTTCAAGCAGTACACA TACAACACCAAL TACAGETCAAGGACAGTATCC TATGAGARCACCTACARTGUCACCAGCS
ROLSLGEYFOQLETTALFKOQYTYNTHNYRSRTVSYENTYNATS

TCATARCCCAGAGGETCAACGTGTCTRGEE TCARAGEAAGGCAGAAGGCACC TG T TG TTAGAATTECAACACTGTTGL Y TOATGAAAACGGCACATCACTACAATARATC TACAA TATAT
¥ I TQRVNY SEVEKGRQKAPVYVVRIATLLLDENKGETSL Q™

TTTTARTTTTTTTAAGG TG TGGATATTGE TAGGAAGBARAC TCTCCAAGCAAATC TATGAGGCGA TAG T TR TGATGAGGCAGATARC TRAAATGAGEAAGGAGE TCTCRCAGCATGGCTT
MFE M R QI AEMRKEVSQHGEF

TGATETCAGGATGATGGAAGTCCCTRECATGAAGGTTGCTATCGCAGGTGATEGEEAAGTCAACTACCTTTTCATGTTACTECCCTTTABGBACAAGTTTAAACTAAAAAAGCGABATET
DVRMWNMEYPGMKYVYATIAGDEGEVYHRKRYLFMNLLPFRDEKTFIKLEKEKRDEDYVY

CTGETTGTTCAAMAAACTTTCC TATARAT TCAAGGLAAGACCTTTCCTAGTAACTTTTEACAAGATG TTATCTTTCTACCCACTACACGCCCTTEAARAABR TRGCBAACACTTTBAACT
WLFKIKLSTYKTFEKARPEFLVYTFDKHLSFYPLHALTETESGSGEHTFTE.H/

« FR-II
CEATATAAGGAATTCAAGGEGEC TRATETTTTCTTTTEATACCAT TGTGY CAGAGCAG TTGCAGLAACEGL TTETTETETAGCCACCARATECCACAGCAGG TAMCCC TAGCGSGTETTT
D TRNSRGELMFSFBETIVSEQQLQ@RLUVY®*

COCTGATTTTYTTATTTTGTITATTTGTTCAATTCRTAACE TRCARRAGCCATG TRAACAACACCAGGTCCCCACC TTCAAMMATAG TTAARATTTTCAATGAATGGTCTTTTTTGTTTT

Elexent 8
ATTETETTAMYTTGGTTTTTTGGGAT TTCAGCACACTATTCTTTATGLAACGL TATAACRAAGGAA T TRARACC Y TACETC TTTATTTEEETTTTCAT TTGRGTTTRCCLCAACCE TAT

4+ Elemest B
CTGETCTCAGGRETAATGAMGTACTGECAGGE TCACCATAGGEEAC TGTAACC TATCCAC TAATCCAC TAATATAATGTTAATABAATAC TG TAATC TACAG TAGAATATTATAATC TGA
ARG TATAAAAAAGTATTAACAAATATATTGCCAAATATATATTATAGAC TRCAATAATATACAA TATGRAGCATATTRAATCCAAGR TAAAGTGC TATAGGCSCAAATACAAGAGRAAGS

ORFT MW E K IESKVY KT CYRRXYKREK

113

6360

6480

6720

080

200

1320

7440

7560

680

7800

7920

8040

£160

5280

8520

8640

8760

9000

9120
9240



9241 GEAAGEAATACACTACCACCCABTACGTCATCAACTTAAREAAGSAAGGEGTTGAATCCCAGEGCTTCAARTRCSACGARGACGTAATCATAACCCATAAATCTACAT TCGAATCCCTAA
EKEYTTTQREYVYINLRKXEGVESQGEFXCDEDVYIITHKSISTFESL

9351 TAGACATGAAGAAGBACCATGAAGCCAATCTTAARGAGAAAGAG TCACTGCAGAAAAATC TAAGTGAAC T TCAAGTAGAGT TCAACAAAC TAAAAAACGAGTATAABCACGTTAAAGLLC
I 0OMALKDHEAHNLKEKXESLOQKRLSELQVEFNEKLEKNEYEKHYKA

Bl TECTGRACAAAAGGAMAGRRAAG TCAACCACC TTGAARATGAGG TCAGAAGGC TGCABAACATREGTC TATTTGAGATAATCC TAMACAAAC TECEAAAAAAGAAGGCAATAGAABGAG
L LDKKXKEREWVHNHLENEYRRLOQNHGLFETIILNELREKIKTEKATIEE

Element € » *TSCKEYYS{LHKSHNGECECKETCHKEPKRPACTITIAR
9601 AAGTTGAAGAGGGGGTTAAATAGACCCCAAGCCCTCAABTACTACACTTCTCATAGTAGE TACAGART TTACTCATCCCACAT T TCTCACACTTTGGL TTTCT IGEGGLALATATGATTE
L VEEEGVYK?*

SFDHLGELNFDRCKGG®? Y LTEALEMWLAKHRYNLMNEYSE GESGEFY
9721 COGARAASTCCATTAAACCAAGGTTARABTCLCTECACTT TCCGCCARGTACAAGEE TCTCCALAAGTTCCCACAGEECCTTETEE TTRTABTTCAEG TTTTCATABCTTCCCCCAAAST

RHNIVRVFHNADVHMHAALKKEGTFALCMVYAACTYEKSGYGPLDLTIAKTE
9841 ACCTGTTAATAACTCTCACAMATTTRCATCGACCATAGCGGCTTTTTTECCAATGCCAAACACATAAC TRLAGCACAAG TG YATTTECCAACTCCTEETABATC TAARATTGLCTTCC

HRPVYRGSEYDRIVYVAALEKLIOEARQNSLGIEKTI®SDKXAILIESKTEP
9961  TATTTCGGGGCACTCTGCCCCCATAATCATTTATRACGACCCTTGCCAGTTCTTTTAGCTGTTCTGCCCTTTGRTTAGAGAGTCCRATTTCTTTTATGTCTTTGGCGATTTCTGATTTTS

TKLIDEFCKYKVYFFKDYIKKVYHEATTRRLLIETILLIVYPTD
10081 GCBTTTTTAATATATCCTCARAGCACTTGTACTTAACAAAAAAC TTGTCATATATCTTTTTAACATGCCCCECAGTTGTCCTGLGAARTABRATTTCCGTTATTAARATTACATAGGGST

RTHRMWPFDRRDTHNWFTLITSVFVYEKREKEKHNSADTDTL OG®RFIO
*6 1 tDLGVEH
10201 CCCTCETATECLTCCAAGGAAAGTCECECCTATCTETATTCCAAAACGTAAGTATGGTEC TAACEAAGACTTTCCY TTTTTTATTAGTAGCATCATCCARTTAMTCCAGCCCCACATGT

KLFLKKEKAELEHKSVYRHNYCOELLDFLRVYEGRMLANEYTNLGEGI
10321 TTTAAARATAATTTCTTTTTAGCCCCTAATTCCTTABAAACCCTATTATAGCAATCTTCTAATAAAT CAAATAACCTAACTTCACCCCTCCAAABATTT TCAACTGTATTCAAACCTATA

ADYVYDRLVYTLSVYFLDGLFSYPGYIEEPFHMNDLPSVSISYELARA
10441  GCATCAACAACATCCCTTAAAACAGT TAAAGATACAAAAARG TCTCCTARAAMACTATAGEG TCCATARATC TOCTCTGGAACATATCCAACEECCAAACABAATAACCAAGTGCAGCG

AV HKLRDVYEELSESSRLLEALLFLIEPLYDVYCDOEYEGRY®OQSIL
10681 GCAACTTTAAGCCTATCAACTTCTTCCAARCTTTCAGACCTTAGAAGTTC TRCTAAAARAAATAATATC TCAGG TAGG TAGTCAACGCACTCCTCATATTCACCCCGATATTGEC TCAAR

0 EEFLRCINGARRTIKYVYMHMN ORI
10681  TCTTCTTCAAMGAGTCTACAAATATTCCCTGUCCGCCTARTTTTAACCACCATAGTTTTATTTTTTTTAATATC TAACTATCATAG T TTATTTCAGAACAGTCTARRAATTCTARTAGAT
10801  GTCATTGAGATGAGEGEGTAAATAACA TG TCAAATTTATTGCAAGC TATCATGAATATAAMAAG TATTCAMGAAAGAAAC TTEGGATCATATAAGEG TR TCCARBAC TCCAARRATAGAA
whTR M S N L LQAITNNIKSIQERMNLGSYKEV QDS KNR

10921 TRAACCAGATGRGAGTTACATTAGASSTTTTCCTAAAAGATEC TTTC TGCAATACATTTGATATAGAARRCAMGACC TTGTETACAGTRAATACTTTTC TTACC TTGGARATCAAAATA
M NQMNEVTLEVFLKDAFCNTFDIEWNKDLYYSEYFSVYLEHNGN

11041  ACCCCCCCGACATGATLCTBAAGEGGEETGACGLAGTTGAAGTCAAGAAGATAAC TEGAATAAAAAC TTCGATTCAACT TAACAGY TCATACCCCAAGTCAARBLTCTTTATTTCTRACA
KPP PDMILKGGDAVEVYKKITGEIKTSIEQGLNSSYPKSLKLFVYSD

11151  GCAGAATAACAGAGGCTTGLAAGAAC TR TGANGA TTRRGAGET TAAABACATAATATATGLCATAGRGAC TATCCCAAACABAGTCCTTAARTTARTRTTTTTTGTTTATGRSGACTATT
SRITEACKNCEDWEVEKDIIYATEGETIPNRYLXLMFFYYSDEC

11281 ACECGECAAGCCCTTCTATCTACCAGAGAAT TG Y TGAAGAAG TAAAGEGGGEGTC TACATAGTACTGGCCTAGAATTTAGTGAAACAAMCGABC TAGG TAGAATTAACAGGG TAGACCCCC
YAASPSIYQRIVYEEYKGELHSTGELEFSETHKELGRTIMNRUVDEP

11401 TGEEAATTACAGACCTAAGGGTACETGGTATCTGEATCATCAAMMCACCCLATAAAAGTGTTTAAAACATAATCCLCCCARAA TCAATTAAARATARTAACTT TAATTTAATTGCCC TRA
LGITDOLRYRGHWIIKHPIKY FKNITIPPESTIKANHNINFNLIAL

11521  TGAAAGCAGAGAAGTATAAACAATTTCCAAAAAAAGATAGGAAAABAAT TGAGGCAGAAGATAATATCGAABT TACCGATGTAMAATAAAAGA YCCTGACAACCCTGCCAMACTATTAG
MKAEKTYKO QFPEKEKDREK®SRTIERAMEDHNTIEYTDVKIKDPDNPAEKLL

11641 ATAGCGTTCTTETGAGGTATEATEAAATATGAATATGRACATAGCGTCATTTTTTTCGEETRCTRRAGGT TCGAC TTAGEGTT TACAAAAGCAGGTTTTAATATTETCTTTGCTAACGA
DSVYLVYRYDETI™*
mMIX M N M DT ASFFSGEAGSLDLEFTKASGFNTILIVYTFANKTED

11761  CARTTGGAAAGGETGC TERARRACT TTCGAAARRARCCACGRAA TAARAATAAATAAAAAACCCAT TGAA TGGTTAAAACCC TCAGAAATACL TRACE TGETTGE TTTCATAGGGGGACC
NWKGCYWXTFEEKMNHGIKIRKEKPIEMWLEKPSETLPDVYYEFIGGTP

1188 CCCATRCCAGAGCTEGAGCC TAGCAGGTTCAR TR TRCGGGEECARALRALCCCLE TEHTARARCATTTTATGCATACGTGEAT TTAGTCAAAGARAAAGATECCCTATTTTTCYTGECAGA
P L QS WSLAGSNCGADDPRGKTFYAYVDLYKEKDPLTFTFTLAE

L2001  AMACGTGCCAGEGATAGT TTCAAGAACACACC TCCCTEAAT TCAAAAGACTTETAAACTCATTCATAGACAT ARG G TACAACG TAGRATATARGG TRC TCAACGCARKGRAC TACGSLGT
MY PGI1IY¥SRTHLPEFKRLYHSFIDIGYNVYEYKXVYLNAKDYGY

114

9360

9480

9600

§720

9840

2960

10080

10200

10320

1044

10560

10680

10800
10920

11040

11160

11280

11400

11520

11640

L1760

11880

12000

12120



1zZE2l

12241

12361

12481

12601

12721

12841

12961

13081

13261

13321

13441

GOCACAAGACAGRAAANGGETCTTTATCGTCGGGE TACCATGAGRAC T TAAACC TAAAATTTBAS TTTCC TAAMCCTTTAAACAASAAAS TEACCC TGAGERACGC TATTERTEACCTTCC
PQDRKERYFIVYGYREDLSNLIEKFEFPKS?PLNEKKYTLRDAIG?ODLD?

TEAACCCAAGCCCGCGL TTRAARAAAACAGG TCAAM TGREEANAAL T TEEAAGTGCCAAACCALGAATACATGACAGGGACAT TT TCAAGCAGGTATATETCAAGGAACAGGG TAAGGAG
EPKPALEKAHNRSNGENLEVYPHNHEYMHTGETFSSRYHNSRNRVYVRS

TTGGGATGAAG TTTCATTTACAATTCANGCGEGEGGECECCATECCCCATRCCACCCACAGRCTAATARAATGATAAAGG TEGGACC TGACAAGT TCATATTTGATCCAGARAGTCCTAA
WDEVSFTIOQAGGRHEAPTECHPOQANKHRIKYGPDKTFTIFDPESTPHK

ACCCTACCGCABGTTATCCGTCCGCGAATGCGCTAGRATACAAGETTTTCCTRATRACTTTATATTCTATTATAAAAALGTTGCAGACBGT TATACTATGGTTGGTAACGCTETTCCTGT
PYRRLSYRECARIQGFPDDFTIFYYKHNVYADGYTHYENAVPY

«+_Element C

EAAATTAGCAGAAGAAC TAGCAAAAAGA TAAMAAAGA TTTABAGEECATTTTRAATTAGAATTAGAT TTGTETTATTTTTTTAAGG TCACAGAGAG TAAATTGCBAS TTE TAACCAGE
K LAEELAKKI!KEKDOLEGSGVYLHN?*

2 I I
ANCAATACCTCTTTTAAGGTCCTCTTTTAAGG TCACAGABAGTAAAT TGCGAGT TG TAACCAGGAACAATACCTC T TTTAAGG TCACAGAGAG TARATTGCGAGT TG TAACCAGGAACAA

. 1Y 1 Y
TACCTCAARTTTTTTTCATGAGTAATTTTTTTCATGAGCCAAC TAGCCATCARGCC TGCACCAT TTGATG TGAAGT CAGAGASATACTG TTCARC TGCARARAGG TATTTATATTATAAA

ARATCARACCTTTCATATATAARAAATTTTCAAGE TTTTTTACA TG RAAR TACARGAAGT C TTGAACABARABATTTGLC TGC TTT TGCTACAAGG TR TCCCTGTTACAATGTCTCTS

[ B
TTACAAGTSTTACAAGTAGAAAT TCACTCTCTETTTCCCAABCAATGRG TTRTTTTTTGTTACAAG TAGAAATTCACTCTCTC TR TCCCACCG TGGECLCATATGC TTATATAGAMATTT

*HYFHPEKSNYLQIAPLQLMKL!L SR
GETATTAATICTTTTCAATTAGAATATATATACAATAAGAAGTTATGAT TACATATAGAAATRAGG TTTCGAATTRTAAAGT TGTATTCCGEGEAGCTECAGATGTTTGAGAAGAGALC
DRFT W F E KR P

S KEFVPIDEAREEKSHRYGEQLVYSLFLHTSDALYOQPVYVYDEEVYAGSE G
TAGACTTTTCAARAACAGEGA TG TCCTCAGCCLGL TCTTTGTRCCTRACACCC TGCAGEACABAAAGGAAGAGG TGGETGCTATCAGCCAGTAC TTGGEE TACATCCTCGACGGLGLCAC
RLFEKNRDVYLSPLFYPDTLQODRKETEVEAISQYLGYILDGAT

W&V QQRYPGEWSRPLSDARRLIHDVEF

CCCACCCCACCTETTGATTGTAGGGCCCCCAGGATCTEGGAAGAC TATCACGACGAABTATGTGATCAALGAA
PPHLLIYGPPFGSEKTVYTTKY V¥ INE

115

12240

12360

12480

12600

12720

12840

12960

13080

13200

13320

13440

13513



Appendix B

Complete nucleotide sequence of plasmid pFZ1 from M. thermoformicicum Z-245 (EMBL
accession number X68367).

Numbering, open reading frames, insertions, inverted repeats (dashed arrows) and direct
repeats (solid arrows) are according to Chapter 5.

Ahol

ELLYGTVYRNASNLVYDHNRYABSEYLDCRGEHNEPSEGESSTK®S® EQVHH

1 CTCGAGAAGCACACCAGTGACGCGGTGATTRAGTACATCETTGCGGACGECACCECCTACCAGGTCECAALETCCAT TACCAGSGCCCUCCOACRAGRTCTTGGETTCCTGACATTETE 120
LEKHTSDAVIEYIVADGTAYQVYATSIARAPRRSLGFLHNTIY

LLHWPFPERLSLHKDDYHYLDILGKSEPVYPILEEYVYKGPILRTIH
121 GAGAASATTAGGGAAABGECCTEGGARGGAAARATEATCATCGTAATSGACRAGATCAATAABACCCTTTCCAGGGACGEREATANGC TCCTCTACCACCTTICCAGGGAGCCGARTETE 240
EXITRERASEGKEKMWIIVHDEIDKTLSRDEGEBODBKLLYHLSRHRERETPHNY

ANY AXGEYLEKRDHKYHDAVRTHRYGREKLK¥PPDTEGRYAGRILEIEKIL
241  TGCATTGTAGGCCTTTCCAACAAGC TTACGE TCATEGACATGATCGEECGAC TLREE TGTTATATCL TCGTTTAAGCCAAGRAGGATCAGTTTCECCCCT TACAGCGCCUCGLAGLTTGAG 360
CITVvVGELSNKLTVYHONTIGOSGEVYISSFKPRRISFAPY SAPQLE

LDODQV VYPNLHRKVYVYTDQFVYINHKIQIPARREREGLTIPVEPRPIGKY
361  GAGATCCTGAACTACAGGGTTGAGATGRLG TTTARCGACGETGTCC TERAAGACGATGT TETGCCAC TR TGOGCGRCGC TCRLGGLCCARLGTAATGREGACECCAGETATGCCCTTRAC 480
E 1 LANYRVYEMAFMNDGYLEDDVYVYPLCAALAAQRNEGEDARY ALTE

EEAERRIHNRYPLEKLTNDTLRIHPHRSILELNLKDPTTHLL
481 CTCCTCAGCT TCGCGRCORATATTRORATAAGECAGC T TANGEG TG TTG TCAG TEAGTCTEATGTRAGGA TERCGAL TGATEAGE TTEAGETTEAGTTTATCAGECGTABTATTGAGCAG 600
LLSFAADIAIRQLKGY VY SESDVARNATDEVYEVETFTIRRPRSIER R

QP VY VLLDEQY GEODHGGELPTGESLYTITPLYYLHELLLEKPAYEE
60t TTGAGGGACARCCAGAAGATLCTCC TG TACSODETCATRADC TCCCAGEEEEETACLLLLAC TEAGA TATATAGGARG TACAACAABATEELLEAGEAGCAGTTTGGEEECAACECCCTE 720
LRDNQKILLYAVYMTSQGGYPTETIYREKYNKHMKRAETEDRFGENAL

RLPPKGLEQPFHKTFETIAKDLNLMWNDAPATPPPHNYRHK R
72k ACGCAGAGGAGGCTTTCCCAGCTCCTRAGGGAAC TTRAAC TCTATGELC K TGTCRAGAT TEAGE T TG TCGRCAGBOLLCETEHEALGEEEGTTAACTEGCATETTETTCCTTCTTCCTCT 440
TORRL $QULLRELELYGLYETLEVYVGRGRGEREYHNWHVYVPSSS

Element D »
841  ATTGACCCTGACCTCATGLTTGAGGCCATAAGSAGETCCCTETGAGGC TAMCCTAGGEECAACTTTCTCTGEATTITTGCC TG TAGTEAACTCCCTATTTTTTATRACCTCATAGTTTTT 960
10PDLNLEANIRRSL™

961 TTAGTTGECTAABCAGATTCTGAAGGEC TECGCACCGLCATTTTTCACTTATTTRCCARCELAGTTCTATATAACT TATATAGBATEAC TG TTACAGTATC TTTACCTAAGGETETTETT 1080
1081 AGGGGTGTTTTGATEEAATTTABACGCCATTTTALTACAAAAGAGTGGTTGATATTACAGECTTCGLC TATTTGRRTTGETTTTTTRGTEGCTGC TEC TOGACGRLCATSIAGATCCTANS 1200
RF11 M E F RREFTTIKEUWLIL QASISPIWYGEFLYAAADREGHADTPK

1201 GAAATTEATGABAATTTAAGECABACTATTAGEGLEECAACTTTTTCRACEEEATTTACCAMAGAAGTTTTTGASBACCATETETACATECACCTGAATGATGACGATECLCTATCTECT 1320
EIDEWNLRQGTIRAATFSTGEFTHKEVYFEDHY YMHLHRDDDALSA

1321  GTAGTASAAACTTTAGACCCCTTAGAGEEATTAAAGECGETTTCTATTCTTTTREEGAAGATACCARC TTCAGAABLLEAARTTTCAAAGATACATTACGTAATATGGCTTTTAMMATT - 1440
VY ETLDPLEGLEKAVYSILLSGEKI IPASEAENFEKDTLRHNEMNATFKI

« Element D
1441 GCCCTTGTTTCTBATEGAATCGATARARACBAABAAGCAGC TATCARG T TGAT TGACCTTATACTTEATGEECAAT TTARGTTACCA ACTATTARCTTTTCTITTTAAGGGGRTGTC 1560
ALY $SDS66IDKNETEAAIXLIDLILILDGORFNLP?PFYZY?™

1561 TGAGGGTTTELCO0GTAATCTTCCTRAARTECABCATTETCTTTTCAAGACAAT T TTTTTGETCAAAAARTTRTTGGGTCTTTGG TTGACCYCTGGCTTGETAATETCCTATGGGTCGEE 1680

........... . " - IR
1681  TAAGCGATTTCCGOCCTTTCREETCEC TCECTTCECTCRCTCOBARATCECCGCCGACCABGGEEGE TACCBOCCCCACCCCCCGECCCACTTTAGGTARACCATECCTCAACTTGTAA 1800

- . PR R4 P—
1801 TTTTGTGCATTTACCCCTTCACTCCACCCCGACACTCTTATATAGACGLCAGL TTCETCARTACCTCGTATTATACGAAGTAACGCTCGCTTCGCTCGCTCTCGCTTCGCTCGTACTICE 1920

1921 TATAATACTAABAGBTATGACGAAGCTGGCGTGAAT TATT TTGAGTRTLTREGL TCCHTRAAGGGGTRAACGAACACCACATACGTEGAGT TCATTGTAAGTATAACTAACAGTTCTTTA 2040
2041  GTTATCATTTATTTATATTAAMAAGATGTTATAAGATAAGTGTCTATTAGGGETTE TTAAAATRAATTCAAGTAAGC TTTTTTTTGGC TEGACAGATEBAATCCAGCCAGAACAABGGRABA 2160
ORFz* M R § S KL FFGWTDESSQHNKTER
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2161

2281

2401

2521

2641

2161

2881

3121
3241

3361

3441

3501

£l

3841

4201

4321

441

4561

4681

4921

5041
5161

TATCGGGL TATCGGAATRE TAAGCCATCCGEC TGAGT TTERAAG TEAAC TTRAAGGAGA TATAAA TAG TATAC TTGAC TLGG TLGT TRATORMTC TGGTT TAAAAAGAAGAGAG TTEAMA
YR AIGMHYSHPAEFSGSELEGDODINSTITLODSY VYDESGLERKRRELEK

TGGARTARMATAGACATATTCCEGTETAGAGCATATEABAAGATTGTAGACTACT T TTTAGAACTCABTAAC L TTGATAATCCACCAGTTCGTRTEBATATC TTACGG TERGACATTGAR
W HKIDIFRCRAYEXTIVDYFLELSHNLGHNPPVRYDILRWDIE

BACASCCETCACAGTATACAABGGCAGGATEATAACLARAACLTGCAGAGGATG TACTATCATCTATTTTCCAATS TRATTTC TARGCG TTGGCC TTCTEGAGATTRETGCTTTTTCCCT
D SRHSIQGRDDNO QHNLAQRMYTYHLFSHNYISKRMWPSGDWLEFFP

GATGAMACAGETTCAGTABAT TE6EAGEAAGTEECETTCTTL T TaGATAT TRG O TTCAAAGG TABACC TAAAGBAACAG T TTAATATACTAAG TATTAATGAAG TTGA T TCCARGGAT
DETESVYDWEEYAFFLDIGS SKVYDLKET QFHNILSINEVDSLD

AATGTACTAGT TCAAGTGECTRACT TTTTCGCGGGAC T CAGTGTTTTTTCTAAGGRGAAGT TTERGC TT TATRTABACTEGAAC TACGAAGRATG TRGACAGCAAAGATTAGTTCCTRTA
NVLVYVQVYADFFAGLSVYFSHKEEKTFGLYVDODWNYEECGQOQRLY®PY

GRAAACGTTGAGT TCTCCARAAAGGATAGGAAGCGTT TTGARATTC T TCTTATTTCAACAAGAGG TGCAAAGAG TTAAAGATCECEGTAAGTCTTCATACAAR TEAAGGL TTGTGGACA
ENVEFSKXDSRKX®A&FEILSYFHNKRCGCEKELEKHGEGY S LDTSEGLWT

» IRE"
CCTARACCTGC TAACAGTATARATTTLTGGCATTATGAACCCCAGAG TGATGLCGACARAGCAC, TATAAGG TAACL TCAAATAGT TG TTTTTAAC TTG T TC TTTGGGGTEAGGGAT TCA
PKPAMNSIHNFWAHYEPQSDADKAPIR®™

IRE"

TCRCTTCGCTCACTCTEGARTTTCC TARAACAGLCEL TTTCGCTGCGTTAL TCAGAT TEGEC GEGARAACCAGTGAN TGAGAT TGECEGCETTCTCGTEEGEGCCCCGTCCACCLTRT
TCCAAARAATARAATCAATATATATTGACGGC TGCAACCAT TACAALCAARALC TRCCGRACCCARATCC TATTTTTTCAATRTTTTACAGTATATTTTGLCYTCTTTTTCTAATATAAAG

{Insertion element A [FR-I] in pFV1) reveee
GTTTARTGACATGTTTAATGCATTTTTCAGGTTTTTAGARTGT TARATTATERCGECTGTL TTCGGTTRTAACCGCACLLCATGARAY TTTAATATGAARAAATTARATAATATTATTAT
ORF3* M K X L HNTIM

GATATTAATAATGCACAGGTACTTCTTACGGGTGATGAACTTGAGGCAGAAAGTTAT TRAGGC CCTAGAAGAAGGGAACAG TR TTGCGATTAAG TACCAGRATRTAAGGGATTACCTCGA
ILINHWRYFLRVHNNLROQKYIEALTEEGKSVYVYAIKYQDVRDY?LD

CCTGAMACAGGTCATAGGSTTATATTCC TTGAACACATTAACCC TGCAMGEAGACCELCEE TRAAATATTGGC TRACC TTGECAACCTTRCAAAAAGCACTATATACAGCAAG TATAL
t KTGHRVYIFLEHINPAKETAAETILADLGHWHLAKSTIYSKTYT

AACGAATGAGATTGTCAGGRACATCAAGAAGAGGTCGAAGAACAGGAATGTCCTCCTRATGTTCAATGAC TTTCAGTTGC TTTCTAAGRACAC TECAAGGGTTCTTTTRRATC TCATSGA
THNEILYADIKRKRRSKNRHNYLLYFNDFGRLLSKHTARYLLDLME

AGATGTCCAAGT TCTTTGTAGTATCAGGGGCAGACCCCAGAAGGGTCAGRGECGTTTGE TTAGAGAATGACCATCCTABGCGATAGG TC TGACGAGGTCACTGATAT TRAGATACELCT
B vogVv¥LCSIRGEGRPOQKEQGERLLEKRMTILSIRSDEVYVTDODIXKIPL

CATAGTCTTTGLGAGCT TTATAGCAATAT TAACCTTTGT TAAGGCGGGCTCGRCTATCTATAACAGGAACCACTTCBACTTTTACCTG TT T TCTRCGGCARTTTTTGTTGGCATATCTET
[ YVFASFILIAILTFYKAGSALIYNRNHFDFYLFSAALTITFYGETISY

GGGGAGGACTCTTTTATGGATTTCTTAAGTTCAGGCAGGTGCCTCCTRTTTATCTTCTSGGTCEECCTTCRGCGCEECTTATTACATTTTCTGEC T TTACGCCGCAGGTTATCAGTARST
E R TLLHWI!IS *

CEETEOGGETCETGGTARTTTGARA TGGTATACGLACGCCCTATTTTCRRTCTT TS TG6C66TATTCTTTGRTTATCTCC TRAACGCAGATCT T TCACCATACTTTTTTATGTTGACART
ORF&' M ¥ Y ARPIFGLCGEGEILHLSPERRSFTILEFYVYDR

TCTTTCATCTGTAGTGETCEACT TTGCAGAAAAGGCGECET TAACGAGCACAAAAGGCAACTTCACAATGTTTTCACCCTGATACCCTTTGT TCTCTTGTACCTCTTTTATRATG TRALL
S FTESERLCRAREKEGEEYHNEHKRQLHNYFTLIPFYLLYLFYDVT

ACAGGCGCCECCATRTTETCREECGTATCTTLLCATATY Y TGCTTRATTTCATGACTCCAACGEECTGCECCTTTTTTTACCCEATTTACAAGGGECGTTACAGGETCGATTGRAGGCAT
TEAAMHLSEYSSHILLODFNTPTGECPFFYP!IYKGRYRYDMWRH

AAGGGTAGTGETCOCABBEAAAAAAGEGCE TTAACAAL TATAGR TATTCTTGCAGLGATTCTACTCCY YR T TATCTATGLGLUGTCCCCATTTGOGCCGAL TTCOGCGATTTCCCAGTEG
K6 56FPREEKRALTTIGILAAILLLYIYAPSPFAPTSAISQHW

FR=I1 »
AAGGGTTCTERCABLBEBECC TCAAACAACAGRACGGACATAM TG TGAAT TTTAACT TCABAGGCAACGE TGACACC TEGATTCACCC TTACCC TAATEBECABTATCTTCATTGACTAT
K6 3$ &S 6EASNHNNRTODINVNFNFRSGHNGDTWIHPYPNHNESTFIDY

BTGAGCGACGGTEACABCAGGS TTTACAGRTACAGGGE TATCAGCCRGEGAGEECAGGEAAAGTACC TRAAMTTEGATTC TAACACCACCRGAANCAAAACCACGAAGCAAAATEAGALE
¥YSO&GDSRYYRYRGISRGGEQGEKHLKLDSNTTEHNKTTEKROQNET

GGGGGATEAC TCTHRCARGGOSEAGCCC TRCTTTTGAGRAGG TATGCAGT TTTATAGAGAABTC TGAGAGG TTC TETACTGACAABAARATC TATAC TCAGAAGGTTTACC TGGACALCA
6 6 *

GGRACCGCCTETARGC TTRARATTATCAGC TATATCGAG TCAAAG TCARARAGTGAAL TTTCBAGGGAGGC TATTAAGTTATTTATAGACATATATGAATC TAAAAATGRCAACATAATAA
RTAAGGTGATTRARRGCRGGAT TOAATGAT TATTARCC TTTATTTTTYAAT T T TAAC TTCTTTTTGGGCC TAARATTATGTAT TATAAT TTAACAATATTATATYACTAGAATTCTCCAS
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2280

2400

2520

2640

2750

2880

3000

3120

3240
3360

3480

3600

3720

3840

3960

4080

4200

4320

4560

4860

4920
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5281

5401

5521

5641

6761

5881

6001
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6841

7081

7201
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7441

7551

768l

8061
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GAGGTCCAAAATGCATGCCTAATGGAACACTTCTGCTTECAGCGC TG TTGLAGT TTTTATACTEGCAGET FCATCGEC TRUEGCARATETGEETAT TRAAC TORATAAGAMCAACACGA
RFS" M KR NG TLLLAALLAVYFILAGS SAAADVYGVYELDKNNT

AGCCAGTGTATAACTCGACCCTTAGGCTTAAGETCATAGCGAAGGCAGGLAATCAGAATGTECARRALGCCGT TRLAAC TG TTAAGG TTECCEAGEEACTGGTCC TCCAGGAC TACTACA
KPYYNKNSTLRY KYIAKAGHNQNY QNAVYVATVKYPEGLYLOQDYY

CAGCTCAGGGCTACTATGACC TCGAAACAGGTACCTGCOAAATAGRTRATATTCCCGCC TATGAGGAGAGG TCCC TGACACTTG TG TGECTCCTCAACAGGAC TEEGAATG TGACGE TGA
TAQGYTYDLETEGETWETITGDIPAYEERSLTLYCLLNRTEGHNKYTY

CCGCCAACSTBACTGCARATGGTBATRAGAACCCTGCCAACAACAATGCCCABT TRAAGTTCAGGG TCAGGGGGATCGCGEACCTTRAACTCAATGTGACCAGCAGTARACAGARTGLCA
TANRNVTADGDEHMNPANHNNAQLEKTFRYRGEIADLELMNYTSSKQSA

GO TTGRTRATACBE TCACATTCAATGTGAAAC TCANGAACABBER L CCCALSL TECAMTAACATCAACG TTECCAAC TTC TTE TCAGBAGGCC TTALAAT TEAGAGTTACAGTTACA
RLGDTVTFHY KLKNRGPHAANNINYANFFSSEELAIQSYSY

CTACAGGTTACT TTGACRATATGGCEAGGBAGTABATLC TTAAGACCC TTGATACCEE TEAGRAGGL CACAC TTACAGTTGTRTGCC TTGTTAACAGGACAGGTGATCTCTC TGACTATE
T7T6&6YFDODVYAREWILETLDTGEEATLTVVCLVYVNRTGEDLSDY

TTTCAGTGLGTGAGG TGGATGAGGGTGAT R TGRAATETL TACAACAACATAGCCLGGGCC TCAGTCEC TR TTAAGGGARCTRACC TROACC T TRACCTCTCTRTRAGTARACCEAGRGCLT
¥ S YR EVDEGD VNV YNNTIARASYAVEETDLDLDLSVSKPERAEA

ATCAGGGTGACGTTETCAATGIGETC TGLOG TR TTAAGAACAATGECLC TGAGGCCGCCCAGAATGLUAGGGTCAALL TECAGC TACC TELTAACC TGCAGGTCCAGAATETECAGETEE
YQGODVYVYNYYCRVENNGPEAAMQNARVYNLOQLPANLCGGYQGQNYQVY

ACAGEBGCACCTACAGTAACGGTGTCTGEGTCATCORTGACC TTGCARACAALGAABCAGCACTCCTCAATATAACAGCAAGBGTTETATCAGCEGECAACTTCACAGTGAACECCACGG
0R&ETYSHGY WY IGDODLADHNEAALLANITARYVSAGHNTFTVHNAT

CATTTCACCTRCAATCRACGACAGCAACCCCGTEAACAACGACGATACAGCGC TERTATCTGCAGCGATACC TAAGARGGCCCTCAAGG TRAGGA TARAGAACAAC TC TEUGETRACLA
AV SPAIDDSHNPYHHDOTALY SAAIPKKALKYRIKNNSAVT

TCAGGGTGCTCTTATATRTBAACATCAATGACCACBECAAMATCACCAGGAAGACCTACAACT TCTACCTEAABAATGSCC TCAGCAGGRACCTCAGCC TTGGATACTTCCAGC TCRECA
IRV LLYVHNINDHGKITREKTYHNFYLKNGLSRDLSLGYFOQLGE

CCAGTECGCTC T TCAAGCAG TACACCTACAACACCAAT TACAEECCAAGGACAGTATCC TACGAGAACACC TRCAATECCACCAGCG TCATAACCCAAAGGE TCAACG TG TC GGG TCA
TSALFKQYTYNTWNYRPRTYSYENTYNATSVYITQRYNVYSGY

AAGGAAGGCAGAAGGCACCTGTTGTTAGGATTGCAACACTGC TGCTTRATGAAAACGELACATCAC TACATARATC TACAATACATT TTTAAT TTTTTAAGGTGTGGC TATEGCAGAGA
K GRQKAPVYYRIATLLLDENGTSLQ™*

ATGATECCCCAATAAGGAAACTCTCCAATCAARTCTATGAGGLRATASTCBTRATGAGGCAGATAGC TGAAATGAGGAAGGAGGTTTCGCAGCATEAGTTTGATGTCAGBATGATEEAAG
RF' M R Q L AEHWRKEVY SQHGEFODVYRMME

TCCC TEGCATGAAGS T TEC TATCGCAGGERACGGGGAAGTCAAC TACC TTTTCATGTTACTCCCE TTTAGGGACAAGT TTAAAC TAARARAGCGAGA TG TC TGG T TG T TCAAGARACTTT
VPGMKYATITAGDGEVWNYLFMHLLPFRDKFKLEKEKRDYVWLFKEKIL

CCTATAAATTCCAGGCACGRCCTTTCATGGTAACCTTTRACAAGATGCTATCCTTCTACCCACTACACGCCC TTGARGARGT TGGCGAGCAC TTTGAAC TCGATATAAGGAAT TCAAGSS
SYKFQARPFMVVTFO®XMHNLSFYPLHALEEAMMGEHTFELDIRNBNSR

4« FR-11
GECTEATETTTTCTTTTGATACCATTETGTCAGAGCAGT TGCAGCAACGEL TTE T TE TR TAGCCACCARRAACELL TAGAGEG TAACCCCAGCABETGT TTCCLTRATTTTTTTTATTTT
ELMFSFDTIEIYSEQLOQOGRLYVY*

GTTTATITGTTCAACTCGTAACCTGCAAAAGCCATGTGAACAACACCAGG TCCCCACCTTCARAAACAGACAAPAT TTTCAATGAATGGTCTTTTTTGTT TTATTGTGTTAAATTTGATT

Element € »
TTTTGGGETTCCAGCACACTATTCTTTATGCAATGLTATAACBAATGAAT TARATEAT TTC TAATC TAAATCATAAAGTE TTACG TAGSGS TEG TABASTEATAGATAACTTTARAGAAA
WX ¥ 1 D MNF KE

TCAGBTTAGATTTTAAAGATEAAT TAAAGAAGATAACC GG TARAGARGTAGAAT TTCCCAAGTATACAACCCAMTTATAAATT TAGCARATCARAACGCGCAGGG TACCCBACCARGES
IRLOFKOELXKXKITGKEVYEFPKYTTQIINLANGGNAQGTHRZPR

TAGTAGGTCAGATGTCAGATTTRATACATGAATGCCCCGACAAGAGTTACGAAGE TTCEAMAAATSGTATC TRGAACATTAT TCTEACCECATCCAAAMAGCAACAAAAAAGATCAGCA
VVYGEQHNSOLIHELPDEKSYEGWEKI KU YLEHYSDRIESKATEKEKTIS

AMATEATARAARR TATGAAAGC TG TATGRART TRATAGATGRAGARA TRA TCAGGAAATCGG TAGAAGAT TTAGTTATAACCAAAACAGCCCAAGG TCTAATAAT TCAAGRAATCATTE
KKIEMNMKHKAAHRELIDEEMTIRKUNKYVYEDLYITKTAEGLTITIQETI!]I

TGAAMACTATCEC TGAAGAABCAGG TCTERAG TGRCGL TTAGCAACT TCARAAGAGGAAAGTAARAACAT TGATGGATTCATTGGATCTACACCGGTTTCCATAAAGCCCATGAGTTATG
LKTIAETEAGLEMWRLATSKEESKNIDGFIGST®PVYVSIKPHKSY

*I KL KS QR

AATCRATGCRACCCACERTAAGGGABGAANTARACATACARACAATTTTTTACAAAAAGCCTAAAAATAGCABATATCTTTATATCTATCACARTCTAAATATT TAACTTEBATTGTCTT
ESMRPTVYREETIDIQTIFVYKKPEKNSRYLYIVYHNLHNWNTI®*
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5400
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8161

8281

8401

8521

8641

8761

8881

9001

9121

9241

9361
9481
9601

9721

9961

10081

Lo261

10321

10441

10561

10681

10801

EKKPNVEQYFF EFENNKIKEKYTRPYYLRIPQEQRTTVEKTFEK
TCCTTTTTTGGATTEACC TCCTEETAAMAAAAT TCGART TCAT TATTTTTTATTTTTTTATAGG TTCTGGGATAG TATAACLGAATATC TTGTTC TG TCTCETAGTAACCTTAATITG

YHESYYKGNKERTIFETIHNDNIRRNMNYIENSLEKLTEHNIRSETIL
TAGTTTTCCEAATAATATTTCCCATTFTTTTCTCTAATAAACTC TATATEATCATTTATCE TCCTCATGACGATCTCATTAGATAATTTCAAABTTTCATTTATTCTTGATTCTATCAAG

0K FNHDLEYGISNKRGEACAAATNTTGTGLFPDLYRDGMISY
TCTTTGARATTETEGTCTAATTCATAACCTAT TRAAT TTCTTCCTECGCATGCAGCAGCAATCATGGTGRT TCCAGTRLCAAGAAAAGEATCAABAACCCAATCACCCATEATCEAATAC

KWHEILRYALEFPYAAARKRLMNKHNLROQSYGETLDTMNWNVYDSEFUWDQ
ATGTTTATTAACCTATACGCAAGT TCAAAGGGATAGGLTECCGLTC CTTAAATTTTTATGATTTAGTCTTTGAGAAAC TCCTGTTAAGTCAGTCCANMACATCAGAAAACCATTGE

NREEWFYASERRLIEKRETETETEKTFOQRPGEKRTFTILIYEHEHRTUVY
TTGCETTCTTCCCAAMATAAGLGCTTTCCCTGCGCAAT TTTCTTTCTTCTTCTETCTTAAATTGTCGAGGACC TTCTTTTCTAAATATCAAAATE TATTCATGTTCATEGE TGACE TAA

ANPPLMGS GMHFKTPEKNSOQKRMWIITIFPLVYOQYGRDFFFDITRY
GLATTCGRAGEAABCATTCCARAL CCCATGAALTTTGTTGET TTGTTAGATTGTTTTCTCCAAT TATAAATGGTAAAAC TTEATATCCCCTE TCAAAGARAAAATCAATTGTCCTGACA

HHNPYLGFKEKGEGEIKRTADGIANIIYVYGEEPATVYRDVEHYVKELE
TGGTTAGGGTATAATTGARALTTTTTACCAATTTTCE TTETAGCATCCCCTATATTAATGATCACCACACC TCCAGGTGCAGT TACCC TR TCBACT TCATGRCCATACCTTTICCAATTCT

EHMLMNYSRLGDEETDTILTEETIKPHNLESFLRDWIEVWNPYPPS
TCATGCATTAAATTATAAGACCTCAATCCATCTTCTTCATC TATCAGAGTTTC TTCAATTTTAGGG T TCAGTTCAGAAAARAGGCGG TCCCATATT TCAACCATAGGATACGGAGGAGAC

TVVYLNISKDXLENMADASKKFYITIRHTTXKMN sthlN
GTGACAACAAGATTAATGCT TTTATCT T TCAATTCATTCATATCAGCAGAATTT T TARAATAGAT TCTATGTRTAGTTTTCATGG TTCCCTCTTTTTATYTY T TTAGTGTGGATATTTTT

[ 1% Jrr—
TTAGTGTGGAAATCCTTTCAAGAGAGTATAAATCAGATTAT TATAATGAATGC T TTCTTTTACTTTARAATTTCTTTACTTTAAMATT TCCCCCAATCTTCTATTATTTTATCTTTATTT

n <« Element €
ACTTTATTTTATTATACAGTAGAA TAARATATATTATARTAT T TFCTATTGGATACTAT TAATTATATATTGTATAAG TTAATAGTATAC TATATGAAG TATCTTGAGTCAGATATAAMG
TECTATACTCELAAATACAAAAGAAMAAACAAGGANTACAAGACCETTCAGCATATARTAAST T TAAGAAAGGAARAAGTCAAATCLCAAGRATTCAAATE TAATEAAGAAATAATAATA
ATCAAAAAACCTGATTTTARAT TAC TARGAGACATC TTGEAAAAATATGACAATGAC TATCAARGAGAAAACAGAA T TACAGEATCAGATABATGAAC TRCAAG TAGAATTCAATAAGCT
ORF7* M TMTIKEKTELOQDQIDEL®VYETFHNKL

ACAAANCAANTATAAGCATATAAAATCTCTTC TAGAC AAAAAREAGAGAGAAGT TAACTAC TTGGARAACGAAGTCAAAAGAC TTCAGAACAGGGEEATTATTEAGATAT TG TTAGAAAR
9 M K Y KEKEIKSLLDEKEKEREVYHNYLENEYKRLOQHNRGSETITIETILILTLEHK

Element F »
ACTTAGAAAGAARARABCCAT TRAAGGGEAAGTTGAATACARCABGTAGTGRT TC TC TTRY TG TCAATGTCGTCTARACCAT TARC TBATATCE TAGTTAAAGTATGCAAGBACAAGGAT
t R KX KAITEGEVYETYSRZR*
CRF1IZ ¥ ¥ L t L S HMSSKPLTDTIVYVYKVYCERDEKTED

BAAAANBATEAAMAAGAGCTCATAATAGAAAAGGATCTTRTTGTTTCTATAAATATSGG TGC TGAAGGAAL TGAAT TRAACATCAABGC TCCTAAARAGCAARATAGATARATTCATECAA
EXDEKELTIIEKDLYVYSIHNMNGAEGTELUHNWTIKAPKSKTIDIDKTFHMDQ

TTTTTTGCAGAARATGAAAATARAATECT TCEC TTATCAGTAARAACCAGTCAGGAAGATAT TTTAGAATAT TATAGTGGATC TACATACC TCCTTATAGAGEGACTTGG TG TTTTGAAG
FFAENENXHLRLSYKTSQEDILEYYSBESTYLLIEGLGYLE

2 Element F Iy
GEABATCCAGCGAACTTAATTCTTTATTTGAATTATT TATAGGATTTAATAATCTACCC TTGAAGACACAGAGAGTAAATTGCGAAT TG TAACGAAMCCL TCCCCCCTCACAGGAGACAG
GCPANLILYLREYL™

[N
AGAGTAAATTGCGAATTGTAACCAGAAACCAAGGTCCTGL TAACATGACCAAL TACACTAAC TAAGCCCAAGACAAMCCCAARACCGCAACCCTGTAC TG TCATC TGTCAGAGAGAGGCG
TTGTTCAACTGLAAAAARTATT TATTACAAAAAAA TCAARCE T TTCATATATAAAAMMAT TTTCAAGG TTTTTTTGTATGECGAAG TAAAAGABGAG TTGAACABEAAGACCTTGLCTGTT

- i
TTTACTACAGETTCATGCCCTTGTCCCTGTTACAAGTAGAAATTCACTCTCTETCTCCCRGGCAATEEGETIGTTTTTTGTTACAAG TAGAAATTCACTCTCTCTGTCCCACCGTGGGEC

*MYFYPKSNHNYLGTIAPLDQEQ
CATGTRCTTATATAGAMATTTEGTATTAATTC CAATTAGARACATATATACAATAAGAAGT TAGGAT TACATATAEAAATAAGRTTTCGAATTRTAAAGTTRTATTGCGEGEAGCT

LHKLLSRFEKEFVVYPIDEAROQKTYRVYEQLVYPLFLHTSODALVYQP
GCAGATGTTTGABAAGAGACCTAAACT TTTCAAARACAGGBATE TCC TCAGCCCGTTATTTGTACC TGACACCC TGCAGGACKGGARBEANEAGE TREG TGC TATCAGCCAGTACCTEEG

ORF1I* M F E KR PKLFKMNRDY L SPLFYPDTLODRKEEVYVSGEATILISQYLSAS

10921

¥YDEVYAGGWWYQQHNYPGEWSRPLEDRRLTIHDVEF
GTACATCCTCGACGRCGCCALCCCACCACACCTRTTGAT TR TAGGGCCCCCAGBATC TGGEAABACCSTCAUGACGRAGTATGTGATCAACGAR 11014
YILOGATP?PPHLLIVYGPPGSGCKTVITEKYVIANE
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Appendix C

Complete nucleotide sequence of cFR-II from M.thennoformicicum CSM3 (EMBL
accession number X69114; see also Chapter 6).

Eel cFR-IL »

GAATTCACAAACCCAAGCC TCCATC TCAGGATCACCAACCCACABAGBGRACALL TEGG TCCACCL TTTCCCCAACGRCABC TACTTCATTGACGTRAGCGACTCOCCABEBACTRATABA 120
121 ACAGT Y TATCACAGG TAC TGCAC TAAGCCRGRGECCEEAGLGTAABRTTABE TCL TE TRABBGCCAGAGCAATGEEABTEL TRRARAANACEE TACEEGE TGATG TTCTGTCEERATCTGA 240
241  TATCGATGATGTGETGAAGTTCATATCGAAGC TRGATTATGATCACGECAAGAAGATATTCC TCCAGAGGGT TTACCTTGACCTCAACACTRCCTRTAMACTECATATACTCAGCTTCAT - 350
361 TGAGGAGAGGTCCAGGAGTGACATC TCGCERAGGECTAT FCARATRATCATAGATGATTATGAGAGGGAATALGREAACCTCATTAACCT TG TGAAGAGEGACATCCTCATE TEBATATA 480
481 GGGCCCTTGCAGCGGTTCCATCCCCATTTATTTTYTCTTATGTAACTTGTCCALYRATCAGCATCTCCATGRTTACATANGAATRTACCCARASGCATELTTTAMGCCOCACTCGARTT - 600
601 TCUAGTETEAATAACATARGARE TEAAACA TECEARE TEC TAAATTC B TTC TTRCASC TE TCC TEECCATC FTTGTTO TTECAGE TTRATEGEC TELAGCEGATSTAGGCAT TGARTTS 720
721  ACAABAACATEACCBACGEEAGCECAATAAABLTGACE TACAATTCRACBATSEAMATCAAGECCATAGTGAAGEC TEETAACCAGGACGTTCAGAATG TGAC TRCAACGRTACGACTEC 840

cRFs W T DG6ES AT KETYHNSTHXIKAIVKAGHNQDY QNVTATYVYRL

841 CTRABGECCTCETACTCCAGRALTACTACATRABCCAGGEATAC TATRACCTCRAGACAGGT AL THEEAGRT TRETRACATCCC TRCC TATGAGGMGAGATCCCTRACATTCGTTIGC 960
PEGLYLQDYYMSOGEYVYDLETGETWEVWVWESE&DTIPAYEERSLTFYC
961 TGCTGAACAGGACTGECAGCATTALTE TEAALECCARTETAACABCTRATSEGGA TGATAACAB TGCAAACAACAATECAGAGTTAGGC TTCAAGGTGTTTGGTATATCAGACCTTCAGC 080

LLHRTGS ITYHNASYTADGDDNSANHNNMNAELEGEGFEKYFGISDLDQ

1081  TTAACGTCACGAGCAATAAACARACCCCACGRC TLEGCGAAAC TETGARACTRACGG TTARAL TTARAAACAATEGCCCCCATGACGCGAACAAYG TCAARGTAGETAACTTICCTCTCAG 1200
LHYTSHKRTPRLGEETVRLTVYKLKHMWKHNSGPHDANNYEKYGNRTFLS

1201 GCGGACTCGTCETECAGAGTTTCAGC TATGATECCGGCTACTTCGATEACC TRACAARGEAGTGEGTC TTTRACACCCTTRCAGCGAGTGAAGAGGCGACCL TCACACTTRATTGLCTTE 1320
6 8L VYYQSFSYDAGYFODODLTKEWYFDTLAASEEATLTLDCL

1321 TCAACAGGACAGSTRRACTCTCAGACTATGT T TCAS TAAGGEAGG TCGATRABRECEALALCAACGTT TATAACAACATEECCCECSCCACCCTCTCAGTRAGEBSCACTRACCTCRACC (440
¥ ¥R TGELSODYVY S5 ¥REVDEGDTHNYYNNMWNARATLSVRSETDILID

1441 TCGACGTTTCAGCGAG TAMRACANGGGCCTATCAGGE TGATGTGATCAATETTATC TECCACE TRARGAACAATGGCCCTEABAATGCCCABAALBTRATTE TCAACC TECABCTACCCE 1560
LDV 5 ASKTRAYQGDYINYICRYEKSNSNGPEHNAGHYIVHNLOQLP

1561  TGAACCTACAGETCCAGAACGTCCAGG TGGACAGGGGETAC TTACAGTAACGGCAACTEGTCCATCGETGATCTTGCAGACAATGAAACAGCECTTCTCAACATCACTECAAGBATTRTET 1580
¥YNLQVQNVYQVDRGTY S NGHNWSITGEDLADRPNETALLNITARIVY

1681 CTGCAGGTAACTTCACAGTGAACGCCTCTGCAGTC TCATCTGCAGTTEATGACAR TAACTCCG TGARCAACGATGATACAGCGATGATATCTGCAGCARTOCCCARGRGGGCCCTCARAC 1800
SAGHNFTVYHASAVSSAVYDIDSHNSYNNDDTAMKISAAYPKRALKX

1801 TCAAGATAAAGAACAACTCTGCAGTGACGATCAGAGTACTCCTATATE TTACAG TCAATBATCACGACAAAATCACCAGGAAGACC TACARCTTCTACCTCAAGAAGGECC TGAGCAGAG 1920
LEKEFKNANNSAVTITIAYLLYYTYHANDHOKITREKTYHNFYLEKEKSGLS SR

1921  AACTCAACCTTEGGTACTTCCAGATCGG TACAAGCGCCCTCTTCAABCAB TACACC TACAACACCAAL TACAGE TCAREGACAG TRRCC TATRAGAACATCTACAACTCCACCGETRTCA 2040
ELMWHLEYFQRIGTSALFXQYTYNTHNYRSRTVYAYENIYNSTGY

2041  GGACACAGAGGGTRAGCGTCAGTGGTGTEAAAGGAAGGCAGAAGGCACE TETGG TGAGGC TAACAACC TTAACS TTCRACGAAMACGGT TCAAMCATACAATAAACAACTTTCAATTTAT - 2160
RTQRVYSVYSGEYKGERGEGKXAPYVYARLTTLTFDENGSNIEOQT™

2161  TTTTTTGGGAGG TAAATTATGGATATARAAGATGC TAARAABATEGC TTCCCTGC TGRAAAT TRAMATGAGC TAMGGARTATGATTTTGAAATRAGRATL TTAAARGATRAAGTEEAT 2280
2281  ATTECAATAGCTGGABATEETEAAACBACATATCTATTCATAATATTATTGCC TTACAGGAAGAART TCASTATACGTARAMGACATGTCTERAASTTCAAGACCCTTGCCTATAAGTTT 2400
2401 AASGCAAACCATACATTTTRACCTACAATATCATGACARCEATATATCCTTTACATGCAC TTAATGACGCAGS TGATCATTTCEAATGGATRTTRAAAARECEAABGEATTAATETTETC 2520

« cFR-I1

2521 TTTTGGYACAATAGTCTCARAAGAAT TRCAGGAAAGRAC TTRCAGTTTGAACAT TTATV T TTTTRAGRTCC TCAGAGTTGAC TACGETECTA TTRALAAAGTCAAGGCAG TTATGGACAGT 2640
2641  TTAGTGATCAMMGETTTTGATCATCACARATCAAA 2675
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